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ABSTRACT 
Electromagnetic interactions of high energy muons incident i n 
the nearly horizontal direction at Durham, I98 f t . above sea le v e l , 
have been studied by detecting electron-photon bursts produced i n 
iron absorbers. Over the measured burst size range, bremsstrahlung 
and knock-on electron production were the predaninant energy transfer 
processes. No divergence .from accepted theory has been observed 
f o r energy transfer i n the range 3 - '2-hO GeV. 
A second burst experiment has been performed to measure the 
spectra of nuclear-active particles incident at Durham i n the nearly 
v e r t i c a l direction. The observed spectra of both charged and neutral 
nuclear-active pa r t i c l e s show a discontinuity at energies ~ 100 GeV, 
which can be taken as support f o r the SU^  prediction that a proton 
i s a t i g h t l y bound system of three charged quarks. This interpretation 
would indicate a quark mass of 10 GeV, and that high energy protons 
dissociate i n t o t h e i r constituent quarks i n about l 8 ^ of t h e i r 
c ollisions above threshold (18OO GeV). A further implication i s 
that quarks interact strongly i n the atmosphere, otherwise telescope 
detectors would have recorded an abundance of quarks. A decrease 
-2 
i n the nucleon attenviation length from 127 gm. cm to a value of 
-2 
117 gm. cm f o r sea l e v e l nucleon energies > 100 GeV would also 
accoimt f o r the observed discontinuity. 
11. 
PREFACE 
This thesis describes work perfoimed i n the Physics Department 
of the University of Durham by the author -vdiile he was a Research 
Student under the supervision of Dr. F. Ashton. 
An experiment t o investigate electromagnetic interactions of 
• muons has be^n performed to test the predictions of quantum 
electrodynamics at h i ^ energies. The development, building and 
day-to-day running of the apparatus has been the sole responsibility 
of the author, as also has been the analysis and interpretation of 
the data, and the theoretical calculations. Preliminary results 
were presented at the London Conference on Cosmic Rays by Ashton 
et a l (1965), and a further paper based on superior s t a t i s t i c s has 
been presented at the International Conference on Cosmic Rays at 
Calgary by Ashton et a l (1967b), 
The author has also performed a second experiment i n 'vriiich the 
spectra of nuclear-active particles at sea lev e l have been measured. 
• Again the running, analysis and interpretation of the data has been 
his sole responsibility. The results have been reported by Ashton 
et a l (1967c) at the Calgary Conference on Cosmic Rays. 
The author has investigated theoretically the l i g h t collection 
properties of the l i g h t guides i n the s c i n t i l l a t o r s , and a paper 
giving details of the characteristics of the s c i n t i l l a t i o n counters 
has been published i n Nuclear Instruments and Methods (1965). 
CHAPTER 1 
INTRODUCTION 
1.1 General 
Prior to 1930 most physical phenomena could be explained 
adequately i n terms of the proton, the electron and the photon, 
and t h e i r interactions with matter through the electranagnetic 
and g r a v i t a t i o n a l f i e l d s . The proton and electron were treated 
as classical p a r t i c l e s , i.e. t h e i r charge and mass could be 
considered as acting at a point. The strength of electrcmagnetic 
interactions i s characterised by the f i n e structure constant, which 
is dimensionless and of magnitude e /he = l / l 3 7 ^ where e is the 
electronic charge, h i s Plank's constant and c the velocity of 
l i g h t . On the same scale the strength of the gravitational f i e l d 
i s about 10~^^, which i s many orders of magnitude smaller than the 
fi n e struct-ure constant, and accounts f o r the negligible contribution 
of the g r a v i t a t i o n a l f i e l d i n atomic and nuclear physics. However, 
i n the realm of the nucleus i t s e l f , i t was apparent that very much 
stranger forces were operative. The nucleus consists of protons 
and neutrons, and has a net positive charge due to neutrons being 
uncharged. Calculations showed the repulsive force between protons 
to be very large. Hence, to account f o r the s t a b i l i t y of nuclei 
Yukawa (1935) postulated a strong 'nuclear' force acting between 
nucleons; i t s strength was unity on the dimensionless scale used to 
compare the strengths of the electromagnetic and gravitational 
f i e l d s . Since that time the emphasis of fundamental physics has 
been on the study of t h i s nuclear force and the particles associated 
with i t . 
The only way open to study nuclear phenomena i s to examirie 
co l l i s i o n s between high energy par t i c l e s and target nuclei. This 
has led i n the l a s t t h i r t y years to the building of both p a r t i c l e 
accelerators and detection devices to give detailed information 
about nuclear c o l l i s i o n s . lEie picture that has emerged i s one of 
great complexity. An interaction between particles i s best expressed 
as an exchange of matter between the two co l l i d i n g particles. Hence 
>the close association of particles and f i e l d s . I f the energy of the 
c o l l i s i o n i s above threshold, then the b i t s of exchange material 
can appear as additional particles a f t e r the c o l l i s i o n . The li g h t e s t 
of such fragments i s the pion, which was predicted by Yukawa (1955) 
and subsequently found by Lattes et a l . (1947) i n nuclear emulsions 
exposed to the cosmic radiation at mountain altitudes. With the 
advent of bubble chambers and the development of larger accelerators 
during the l a s t ten years, a whole range of new particles has been 
discovered. The understanding and cl a s s i f i c a t i o n of t h i s wide spectrum 
of subnuclear p a r t i c l e s , of which the pion and nucleon are amongst the 
lowest mass states, i s one of the major problems of fundamental 
physics today. 
Progress i n c l a s s i f i c a t i o n has been made by studying the 
3 
conservation laws which govern p a r t i c l e interactions. Ihe 
conservation of charge i s thought to be an absolute conservation 
law. A second law - conservation of baiyon number (B) - has been 
fonnulated to account f o r the s t a b i l i t y of the proton, yhlch i s 
suggested by i t s abundance i n the universe. A l l baiyons eventually 
decay int o a proton together with l i g h t e r particles. As the proton 
is the least massive baryon, i t can only decay into l i g h t e r 
p articles through annihilation with an anti-proton. Observations 
on the production of hyperons has led to the t h i r d conservation law, 
applicable to strong interactions. I t was noted i n ir - N collisions 
that positive or neutral kaons were always associated with A or E 
baryons. I h i s can be explained by assigning a hypercharge (Y) to 
each p a r t i c l e and postxilating that hjrpercharge is conserved i n 
strong interactions. 
I t i s found that particles can be fomed into groups. For 
instance, the spin zero mesons and spin ^ baryons form octets, 
whilst the spin 3/2 baryon resonances form a decuplet. Biese 
symmetry properties of particles can be obtained i n a natural way 
from the assimiption that a l l p articles are composed of fundamental 
building blocks, which have been named quarks by Gell-Mann. The 
three d i f f e r e n t types of quark are postulated to have charges of 
+ -f, - 3- and - Ghe h a l f integral spin particles are then a 
t i g h t l y bound combination of three quarks, and zero and integral 
spin p a r t i c l e s are a t i g h t l y bound system of a quark and an 
antiquark. Bie concept of quarks has brought some order to the 
numerous subnuclear p a r t i c l e s , and has had a great deal of success 
i n predicting such quantities as mass, magnetic moments and also 
new p a r t i c l e s (e.g. the SI ). However, the p r i n c i p a l question 
that nuclear physicists are asking at the present time i s whether 
quarks actually e x i s t , or are they j u s t a convenient mathematical 
invention? 
Since the existence of quarks was f i r s t postulated, many 
experiments have been performed to look f o r f r a c t i o n a l l y charged 
par t i c l e s . Accelerator experiments carried out at CERN and 
Brookhaven f a i l e d to substantiate the theoretical predictions. 
Biis can be due to either the non-existence of qmrks, or to the 
threshold energy for t h e i r production being above the present 
machine l i m i t s . [Ilie largest machines available today accelerate 
protons to energies of about 50 GeV. For proton collisions i n 
a hydrogen bubble chamber t h i s corresponds to an energy of ~4 GeV 
i n the CM. system of the c o l l i d i n g nucleons. This figure then 
represents a lower l i m i t to the quark mass. Plans have been l a i d 
f o r larger machines. Qlie United States i s to commence building 
a 200 GeV machine i n the near future. A 50O GeV machine has been 
recommended as part of the European accelerator development, and 
50 GeV c o l l i d i n g beams are under construction at CERN. However, 
at the present time, the cosmic radiation provides the only source 
of p a r t i c l e s of energy i n excess of 50 GeV. Several groups (e.g. 
Lambeet al.,(1966), Ashton et al.,(1967)) have taken advantage 
of t h i s fact to t r y and detect quarks produced i n collisions 
between primary cosmic rays and a i r nuclei, but so f a r no 
conclusive experimental evidence has been presented to show the 
existence of quarks. 
Cosmic rays have been used to study strong, electromagnetic 
and weak interactions. Measurements on the sea lev e l muon spectrum 
i n the v e r t i c a l and near horizontal directions give information 
about the nuclear interactions of the primary particles at 
energies f a r exceeding those attainable by machines. Similarly 
the sea l e v e l charge r a t i o of muons also r e f l e c t s on the primary 
and subsequent interactions. An important aspect of cosmic ray 
research i s the use of the sea l e v e l muon beam as a source of 
high energy p a r t i c l e s . At large angles to the zenith the median 
muon energy i s higher than i n the v e r t i c a l direction due to the 
Increased pr o b a b i l i t y of pion and kaon decay. Also the contamina-
t i o n i n inclined directions by nuclear-active particles i s thought 
to be negligible f o r zenith angles 6 > 50°. 
I n the present work two experiments have been performed. 
F i r s t l y , electromagnetic interactions with energy transfers 
exceeding 3 GeV have been studied by detecting electron-photon 
cascades (bursts) produced i n l o c a l iron absorbers by muons 
incident at large zenith angles. The second experiment, to measure 
the spectra of nuclear-active particles at sea l e v e l , was carried 
out i n an attempt to establish the existence of qmrks. 
1.2 Horizontal Burst Experiment 
Quantum electrodynamics (Q.E.D. ) deals with interactions 
between charged particles and electromagnetic f i e l d s and, as 
a theory, i t has met with considerable success when compared with 
experiment. Pipkin (1965) has reviewed the present evidence f o r 
the v a l i d i t y of Q.E.D. when applied to energies within the 
capabilities of present day machines. The theory appears to 
describe very precisely the electranagnetic interactions of low 
energy (<1 GeV) electrons, photons and muons. Hie best evidence 
for the v a l i d i t y of the theory i s derived from measurements of 
the Lamb s h i f t i n hydrogen-like atoms and the gyromagnetic ratios 
of the muon and electron. U n t i l recently measurements up to the 
largest momentum transfers had been i n agreement with theory, but 
there i s some evidence of disagreement from the la t e s t measurements 
(Pipkin). Only further experimental evidence can show whether 
the deviation i s real. With the advent of accelerating machines 
capable of producing primary protons of energy ~500 GeV the 
v a l i d i t y of Q.E. D. at higher energy transfers can be determined 
precisely using the available secondary beams of muons, electrons 
and photons. The Horizontal Burst Experiment was undertaken to 
test the predictions of Q.E,D, at energies beyond the capabilities 
of the present day accelerators. 
The muon appears to behave l i k e a heavy electron, apart from 
i t being unstable ( l i f e t i m e ~2.2|is). Several experiments have 
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been carried out to examine the Coulomb interaction between the 
muon and the electron (e.g. Barton et a l . , (I966)), but no 
deviation from the predictions of Q.E.D. has been observed. 
Such a deviation would either indicate structure i n the muon, 
or that i t was interacting through scane.other f i e l d . The present 
experiment i s to study l o c a l interactions of muons incident at 
large zenith angles at Durham (I98 f t . above sea l e v e l ) . An 
account of the experimental arrangement i s given i n the next 
chapter. . Three aspects of the theoretical analysis - quantm 
electrodynamics, the incident muon spectrum and electron-photon 
cascade theory i n iron - are reviewed i n chapters 3-5. Chapter 
6 contains the analysis of the meas-urements. Hie f e a s i b i l i t y 
of measuring the high energy muon spectnm (E|i > 1000 GeV) by 
burst techniques i s considered i n Chapter 7. 
1.3 V e r t i c a l Burst Experiment 
Nucleons a r r i v i n g at sea l e v e l are the result of primary 
protons that have made several interactions on t h e i r passage 
through the atmosphere. Due to charge exchange, the spectra 
of protons and neutrons with energies greater than a few GeV are 
expected to be id e n t i c a l . At s u f f i c i e n t l y high energies, primary 
protons may dissociate into three quarks, as a result of c o l l i d i n g 
with a i r nuclei i n the atmosphere. I f t h i s process occurs i n 
a large enough f r a c t i o n of' c o l l i s i o n s , then a discontinuity i n 
8 
the sea l e v e l nucleon spectra shoiold be observable. Consequently 
the v e r t i c a l Burst Experiment was designed to measure the spectra 
of both charged and uncharged nuclear-active particles at sea 
leve l i n an attempt t o search f o r such a discontinuity. The 
spectrum of charged nuclear-active particles i s thought to 
consist primarily of protons and pions, with neutrons as the 
neutral p a r t i c l e s . 
Ihe sea l e v e l spectrum of protons has been measured by 
Brooke et al.,(l964b) using a magnetic spectrograph i n 
conjunction with an I.G.Y. neutron monitor, for energies-^ 100 
GeV, I n the V e r t i c a l Burst Experiment the energy range has 
been extended t o >1500 GeV. In the region of overlap (kO -
100 GeV) a comparison between the two independent measurements 
can be made. The experiment i s described i n chapter 8, together 
with the method of analysis and the re s i i l t s . 
F i n a l l y a summary of both experiments i s presented i n 
Chapter 9. 
9. 
CHAPTER 2 
THE HORIZOimL BUBSI EXEBRIMENT 
2.1 Introduction 
Electromagnetic interactions i n iron of high energy cosmic 
ray muons incident at large zenith angles at sea lev e l have been 
studied. Bie apparatus, a scale diagram of \Aiich i s shown i n 
figure 2,1, consists essentially of two iron targets, and Fg; 
each of thickness 25 cms (l5»7 radiation lengths), and two 
2 
s c i n t i l l a t i o n counters, and S^ , each of area 1.20 m and 
similar to the covmter described i n Appendix A. A high energy 
electron or photon produced i n either iron target by an 
electromagnetic interaction of a muon, w i l l cascade i n the 
iron to produce a burst of electrons and photons. Hie s c i n t i l l a -
t i o n pulse produced by the passage of t h i s burst through or 
is used both f o r the selection of such events and to determine 
the size of the burst. Visual information about each event i s 
obtained from neon flash tubes. 
2.2 The geiger counters 
Three trays of geiger counters, G^ , and G^ are shown 
i n figure 2.1. k8 counters (20th Century, G6O), each of 
sensitive length 60 cms, make up G^, which covers an area of 
2 
120 X 92 cm . The counters are grouped i n imits of eight, and 
each u n i t i s connected to one of six quenching units. The 
outputs from the quenching units are mixed and fed into one 
PLATE I I 
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plan view 
side elevation 
^3 'z:^ ^2 
D S. C F, B A 20cms. 
— I 
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Figure 2.1. Scale diagram of the apparatus. 
& - geiger counters; A,B,C,DjE - flash tubes; 
S ,S ,S' - s c i n t i l l a t i o n counters; F ,F - iron. 
and G^  are only used to calibrate the s c i n t i l l a t i o n 
counters i n terms of t h e i r response to the passage of . 
single r e l a t i v i s t i c muons. 
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channel of a coincidence un i t . Ihe t o t a l counting rate of 
the t m y i s about 2 x 10 per min., which results i n each 
quenching u n i t being"'"sensitive f o r 2.8^ of the running time. 
Bursts are selected by a pulse from Gg i n coincidence with a 
large pulse from either or S^ . 
Calibration of the s c i n t i l l a t o r s i s achieved using single 
pa r t i c l e s traversing the apparatus. Baese are selected by a 
three-fold coincidence between G^  and Gy each containing Ik 
counters (20th Centuiy G6O), and G^ . Ihe rate of singles 
through the apparatus with t h i s selection arrangement i s 67 / 
hour, which affords a r e l a t i v e l y quick method of checking the 
s t a b i l i t y of the s c i n t i l l a t i o n counters. 
2.3 Ohe flash tube trays 
The positions of the f i v e flash tube trays are i l l u s t r a t e d 
i n f i g u r e 2.1. Each tray consists of two outer earthed 
electrodes, and an insulated central electrode to which a high 
voltage pulse i s applied. In trays A and B, two layers of neon 
flash tubes are stacked on either side of the central electrode. 
These tubes are f i l l e d with commercial neon (98^ Ne, 2^ He) 
to a pressure of 60 cms Hg. Ihe dimensions of the glass 
envelope are: external diameter 1.80 cms., internal diameter 
1.55 cms., length IkO cms. Trays C, D and E, adjacent to and 
covering the area of the s c i n t i l l a t o r s , are of similar construe-
t i o n , but contain only one layer of tubes on each side of the 
11 
central electrode. 
Efficiency measurements on the flash tubes were carried 
out using single pa r t i c l e s traversing the array. A high 
voltage pulse (3»0 kv/cm.) was applied t o the flash tube trays 
at a time i n t e r v a l of IJ^LS a f t e r the occurrence of the three-
f o l d coincidence, so as to simulate the conditions under T^iich 
bursts were recorded (§2.5). The flashes are recorded 
photographically on I l f o r d H.P.S. f i l m using a camera (f2 
lens, focal length 5 cms) viewing the tubes from a distance 
of 5.6 metres. Nearly ^00 single muons were selected, and 
the layer efficiencies of each tray were determined by noting 
the flashes i n each layer f o r every single track. Biese 
layer efficiencies were then converted into internal tube 
efficiencies by correcting f o r the glass thickness and for 
gaps between tubes. . Ihe following average values f o r the 
inte r n a l efficiency of the tubes i n each tray were obtained: 
A : 96.5^- B : 96,k%; C : 9^ .7^ ; E : 91.59^ ; E : 92.0^. 
A burst consists of a single track i n A and B, with a group 
of flashes i n C and D, or E. For analysis purposes a single 
track i n A and B i s defined as being n > 5 flashes i n a l i n e . 
Hie p r o b a b i l i t y of a true single producing a burst but being 
rejected on account of there being < 3 flashes i n A and B 
is O.0295&. This figure has been evaluated from the efficiency 
measurements, and represents a negligible loss of events. 
12 
2,k Ihe s c i n t i l l a t i o n counters 
During normal operation the gains of the two photo-
m u l t i p l i e r s i n each s c i n t i l l a t i o n counter are matched. I h i s 
was achieved by two independent methods. Each photomiiltiplier 
i n turn was placed i n a l i g h t - t i g h t box and viewed the l i g h t 
pulses generated i n the arc-discharge of a mercury-wetted 
relay (Kerns et a l . , (1959))» Ihe variation of response as 
a function of E.H.T. was measured fo r each tube, and i s shown 
i n figure 2.2. The two photonultipliers i n are designated 
by the l e t t e r s A , C , while E and G refer to the tubes i n P' P P 
Sg. Biese measurements were checked by a second method. 
With the two s c i n t i l l a t i o n counters i n position and the E.H.T. 
on each tube set according to the l i g h t flasher data, single 
p a r t i c l e s traversing the centre of each counter i n turn were 
selected using a small telescope, and the pulse height 
dis t r i b u t i o n s produced by each photomiiltiplier were recorded. 
Ihe mean values of the four distributions agreed closely, 
inspiring confidence i n the foimer method of matching. 
During the actual burst experiment the values of the E.H.T. 
on each tube were as follows: 
A^ : 1.40 kv; C^  : 1.59 kv; E^ : 1.23 kv; G^  : 1.20 kv. 
The l i n e a r i t y of response of each photomultiplier t o 
variations i n the intensity of l i g h t incident on the photo-
cathode has been tested. Ihe tubes were again placed i n turn 
1.2 1.4 1.6 1,8 
B;H;,T. on photomultiplier (kv) 
2.0 
Figure 2.2. v a r i a t i o n of response with E.H.I', f o r the l i g h t 
flasher. 
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i n the l i g h t flasher box and run at t h e i r operating voltages. 
Variations i n the intensity of l i g h t were obtained by means 
of an op t i c a l wedge, a glass s t r i p of varying t^nsparency 
along i t s length, quoted by the manufacturers to be 0.15 
density units cm -where a density unit = ^  log^^ ^^^o' 
With the wedge available the intensity could be varied over 
a range 25O : 1. Measurements on each tube showed the 
pulse height to be proportional to the number of incident 
photons over the range of pulse heights relevant to the 
burst experiments described i n t h i s thesis. 
The size of a burst i s defined as the r a t i o of the 
measured pulse height to the mean pulse height produced by a 
single horizontal ionizing p a r t i c l e traversing the counter 
at normal incidence. G^ , G^  and G^  i n coincidence were 
used to select single muons traversing the s c i n t i l l a t o r s . 
For each event the pulse heights from and were recorded 
on f i l m , and the flash tube trays photographed. Ihe projected 
zenith of each single j p a r t i c l e was determined from the flash 
tube data, and each piolse height was corrected for the 
corresponding increase i n track length i n the phosphor. The 
resulting d i s t r i b u t i o n s are shown i n figure 2.3(a). Ihe 
mean pulse height f o r was 1.82 mv., and that f o r was 
2.34 mv. Corrections have been made f o r the increase i n 
track length i n the phosphor due to particles incident at 
a. 
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Figure 2 .3. Distributions of pulse heights f o r and produced by: 
a. horizontal muons selected by &^ , 2^'^ _5 coincidence. 
b. v e r t i c a l particles selected by geiger telescope. 
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inclined directions i n the azimuthal plane. As no infoimation 
was available about the azimuthal angle from the flash tubes, 
particles were assumed to be incident at the mean azimuth angle 
of the telescope. 
As a check on these measuronents, single particles 
traversing the centre of each counter i n a v e r t i c a l direction 
were selected by the small telescope, and the resulting 
d i s t r i b u t i o n s recorded. These are displayed i n figure 2.3(b). 
Hie mean pulse height f o r was 8.5 mv, and that f o r 
was 10.2 mv. Hie track length of a p a r t i c l e t r a v e l l i n g 
v e r t i c a l l y through the phosphor i s f i v e times that of a 
horizontal p a r t i c l e , so that the mean pulse height of 
v e r t i c a l p a r t i c l e s should be a factor of f i v e greater than 
that produced by horizontal par t i c l e s . Hie observed ratios 
are k»92 and 4.85 f o r an<i S^ ' respective]^, which i s i n 
good agreement with expectation. 
Extensive A i r Showers incident on the array can simulate 
the t r i g g e r i n g conditions of a burst produced by a nearly 
horizontal muon. I n order to reduce the rate of these 
triggers a s c i n t i l l a t i o n counter, s' (figure 2 . l ) , was included 
i n anti-coincidence with the selection system. Hie phosphor 
of s', medicinal p a r a f f i n plus 0.5 gfl""*" paraterphenyl, 
1 2 0.005 g»l" POPOP and 10% Shellsol A was of area 48 x 75 cm 
and was viewed by one 5" photomultiplier (E.M.I. type 9585B) 
i n o p t i c a l contact. A mirror on the face opposite the photo-
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m u l t i p l i e r was incorporated so as to double the amount of 
l i g h t available f o r collection. Hie photomultiplier was 
operated at an E.H.T. of 2.0 kv, and biassed so that a 
single p a r t i c l e traversing the counter v e r t i c a l l y produced 
a veto pulse. The single p a r t i c l e peak was determined 
using the small telescope to select particles traversing 
the counter. Ihe most probable pulse height was 1.20 volts. 
As a check the t o t a l integral d i s t r i b u t i o n of pulse heights 
was measured f o r the -vAiole counter, and a value of 1.55 
v o l t s was obtained f o r the most probable pulse height of 
the d i f f e r e n t i a l d i s t r i b u t i o n . The discrepancy i s probably 
due t o the longer track lengths of particles traversing the 
counter at angles other than normal incidence. Hie 
discriminator was biassed to select single particles, and 
a veto pulse applied to the burst selection system whenever 
t h i s c r i t e r i o n was sa t i s f i e d . By t h i s means 90^ of showers 
which would otherwise have triggered the apparatus were 
rejected. Ihe dead time introduced by the anti-coincidence 
counter amounted to 0.05^ of the t o t a l running time. 
2.5 The electronics 
A block diagram of the electronics i s shown i n figure 
2.4. Pulses from the two photomultipliers i n one s c i n t i l l a t o r 
are added a f t e r being amplified by two head uni t s , and the 
resulting pulse then passes through a fan-out u n i t , which 
reproduces an i d e n t i c a l pulse on three output channels. 
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Two of these channels are used f o r display, and the t h i r d for 
selection. Both display channel pulses feed into one oscilloscope, 
but one i s amplified so as to increase the dynamic range of 
observable pulse heights. An iden t i c a l system i s employed f o r 
the second s c i n t i l l a t o r . Hie four pulses, -vAiich are suitably 
delayed so that each i s separated from the next by ^ [is, are 
recorded photographically f o r each event. A ty p i c a l event i s 
shown i n figure 2.5. Hie f i r s t and second pulses correspond to 
and respectively, ^ i l e the t h i r d and fourth pulses are 
the respective amplified versions of the f i r s t and second pulses. 
Hie pulse on the selection channel of each s c i n t i l l a t o r 
passes through a discriminator, whicii i s preceded by a variable-
gain amplifier so as to increase the dynamic selection range. 
Hie outputs of the two discriminators are mixed before being fed 
into one channel of a Rossi coincidence u n i t . Hie second channel 
of the u n i t i s connected to the geiger counters i n tray G^*- When 
a coincidence occiirs, the resulting selection pulse feeds through 
an anti-coincidence gate. I f the gate i s open (no signal from s') 
the oscilloscope i s triggered externally, and ;fche pulse information 
recorded on f i l m . Hie gate output pulse i s delayed f o r 17l^s so as 
to avoid pick-up' from the high voltage pulse during the recording 
of the s c i n t i l l a t o r pulses. I t then triggers a unit consisting of 
an 8 kv hydrogen thyratron and a pulse transformer. This i n turn 
triggers an enclosed spark gap (Trigatron cv85) vdiich discharges 
a bank of condensers through a pulse transformer. Hie resulting 
high voltage piilse, of magnitude 10 kv and duration 3ns, i s fed 
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onto the central electrodes of the flash tube trays. Tlie gate 
output pulse also starts a cycling system, which f i r s t l y 
paralyses the Rossi unit and then, by means of microswitches, 
illuminates f i d u c i a l marks and a clock near the flash txibes. 
The graticule on the oscilloscope i s also illuminated, and 
the two films are then wound on. F i n a l l y the paralysis i s 
removed on completion of the 8 second cycle, and the system i s 
ready so select another event. 
2.6 Running time 
Corrections t o running times f o r the dead time of the 
electronics have been made. The cycling system dead time 
becomes appreciable when selecting small bursts, due to the 
large photography rate. For example the photography rate was 
67 hr when the discriminators were set to select b\irsts of 
size >15 p a r t i c l e s , resulting i n a dead time of about 15^ of 
the t o t a l running time. For larger burst sizes the dead time 
becomes negligible. 
The apparatus was run during the period 29th June 19^ 5 to 
10th August 1965 selecting bursts produced in F^, and a t o t a l 
useful running time of 1+89 hours was recorded. Between 11th 
February I966 and 8th July I966 bursts produced i n either F^ 
or Fg were selected during a useful running time of lkk2 hours. 
The f i r s t nans are grouped together and are referred to as the 
A series. The l a t t e r are the B series. 
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CHAPOER 3 
MUOU SPECmUM AT lARGE ZENITH MGLES 
3*1 Introduction 
Cosmic rays -which arrive at large zenith angles have been 
studied f o r two reasons: f i r s t l y ^ because they constitute a very 
pure beam of muons of high average energy, and secondly, because 
information can be derived about the parent particles frcm which 
they have been produced as decay products. Advantage has been 
taken of the fonaer fact i n the Horizontal Burst Experiment* 
However, before any predictions of expected burst spectra can be 
made, i t i s necessary to know the spectrum of muons incident on 
the apparatus. I n the following sections a swrvey of the previous 
theoretical treatments and also of the past experimental work has 
been undertaken i n order to determine the 'best' spectnmi of muons 
i n inclined directions. 
3.2 Theoretical treatments 
The problem of deriving the momentum spectra of muons at large 
zenith angles has been undertaken by several workers. I n general 
the procedure i s to commence with the sea lev e l v e r t i c a l muon 
spectrum and from i t calculate the production spectra of parent 
pa r t i c l e s . These production spectra are then used to predict the 
muon spectrum i n inclined directions. 
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Snith and Duller (1959) calculated the change i n zenith 
angle dependence with respect to a f l a t earth f o r muons i n the 
energy range kO-l60 GeV. In the ' f l a t earth' approximation the 
thickness of the earth's atmosphere at zenith angle 9 i s taken 
to be proportional to sec 6, Ihis i s v a l i d f o r 8 < 65°. 
Zatsepin et a l . , (I961) took the curvature of the earth into 
account, and also the energy spread of muons frcm t h e i r parent 
partic l e s . I n tre a t i n g the energy loss of muons i t -was assumed 
that the muons traverse a large portion of t h e i r geometric path 
i n an atmosphere of low density where the probability of energy 
loss may be ignored, and the decay probability calculated, and 
that the only important energy loss occurs i n the l a s t f r a c t i o n 
of the path, yhlch i s so short that decay i s unimportant. !Ihe 
results are presented i n the form of a r a t i o of the intensity of 
muons with a given energy at zenith angle 0 to the intensity of 
v e r t i c a l muons with the same energy, and cover the energy range 
11 Ik 
10 - 10 ev f o r a l l angles. The approach of treating decay loss 
and energy loss as separate e n t i t i e s i s only approximate, but i s 
v a l i d i n the energy range considered. Ihe calciilations assume an 
_2 
attenuation length of 75 gm. cm for nucleons, pions and kaons. 
In the treatment of Allen et a l . , (1961) the energy spread 
of muons produced i n the decay of pions i s neglected. I t i s 
thought that t h i s introduces an error of about 1^ . Only the K^ ^ 
decay mode i s taken into consideration, and a single l e v e l of 
production has been assumed. Allen et a l . , concluded that the 
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inclined muon spectrum i s insensitive to the parents of the muons. 
This has been shown to be incorrect. 
Maeda (196k), commencing from i n t e g r a l expressions f o r the 
pion and K^ ^ pi"oduction spectra, has calculated sea lev e l muon 
spectra i n inclined directions f o r energies i n the range kO - ISp 
GeV for both pion and K^g parents. The attenuation length was 
_2 
taken to be 120 g. cm f o r both pions and nucleons. 
The work of Osborne (I966) d i f f e r s frcm the earlier calcula-
tions i n that fewer approximations are made. In the case of 
kaons as parents of muons the effect of a l l decay modes i s 
considered instead of only the nio^e as i n other calculations. 
The v e r t i c a l spectrum adopted i s that of Osborne et a l . (19614-), 
•vdiich w i l l be referred to as the O.P,¥. spectrum. This spectrum 
was derived frcm the Durham magnetic spectrograph measurements 
a t low momenta, together with the underground intensity-depth 
measurements up to an energy of 7OOO GeV. I3ie rate of energy 
loss of muons i n the atmosphere, and the energy spread of muons 
frcm the decay of pions was taken into account, together with 
the d i s t r i b u t i o n of heights of o r i g i n of the muons throughout 
the atmosphere. Ihe attenuation length of both protons and 
-2 
pions was taken to be 120 g. cm . 
A ccmparison of the theoretical spectra at 80° as predicted 
by the various workers i s shown i n fugure 5:.l. !Ilie predictions 
of Osborne and Zatsepin et a l . are i n good agreenent i n the 
overlapping energy range, i.e. 100-1000 GeV. The Zatsepin 
spectrm has been obtained by using the O.P.W. spectrum 
xlO 
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Figure 3.1. Comparison of t h e o r e t i c a l rnuon spectra at 80°. 
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i n conjunction with the ratios calculated by Zatsepin et a l . 
at 80°. The theoretical curve of Maeda, deduced i n a manner 
similar to that used to derive the Zatsepin curve, agrees 
reasonably at energies i n excess of 200 GeV but predicts a 
greater flax at lower energies, the excess being t y p i c a l l y ~10^ 
at 100 GeV. 
The various approaches to derive the momentum spectra of 
muons incident i n inclined directions have made diff e r e n t 
estimates of the contribution of kaon decay to the muon f l u x . 
Comparison by Said (I966) between the measured muon spectra i n 
the zenith angle range 82.5°-90° and the expected spectra based 
on d i f f e r e n t assumptions about the kaon contribution shows the 
best value of the K/H r a t i o to be 
K/n = 0.42 ± 0.20 f o r 70 E (S/L) 2000 GeV. 
There i s not much evidence that the f r a c t i o n of charged 
particles other than pions i s very d i f f e r e n t from- -the value 
measured by emulsion experiments and quoted by Perkins (I961) as 
(N±) / (W± + W ± ) = 0.18 + 0.05 f o r E < 10"'"^ ev. ^ x ' X n ' 
In deriving t h i s f r a c t i o n the assumption has been made that a l l 
7-rays observed i n emulsions derive from n° decay, and that 
N(JP) =-iN(n*). 
I n the burst calciLLations the measured muon spectra w i l l be 
used as f a r as possible, Tmt where there is no available data, 
predicted curves based on j t - n decay w i l l be used. 
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3.5 Experimental results 
Measurements on the t o t a l intensity of particles at large 
zenith angles, made by Jakeman (1956), and other workers, indicated 
a greater in t e n s i t y of high energy particles incident i n nearly 
horizontal directions than i n the v e r t i c a l direction, as was 
expected. With the introduction of magnetic spectrographs 
measurements of the muon momentum spectra were made. 
Pak et a l . (I961) determined the spectrum of muons at 68° i n 
the momentum range 2-70 GeV/c using a spectrograph. At about the 
same time measurements were made on the absolute cosmic ray 
intensity i n the momentimi range 1-100 GeV/c at zenith angles 
between 65° and 85° by Allen et a l . (1961) using an emulsion 
spectrograph at Durham. The s t a t i s t i c s of the l a t t e r experiment 
were l i m i t e d , so that the results were presented i n the form of 
an integral intensity as a function of zenith angle, rather than 
as a momentum spectrum. 
More recently a magnetic spectrograph, comprising a 'solid 
cor 
i r o n ' magnet with counter residing, has been operated at Durham 
by Ashton et a l . (I965) and the momentum spectrum of muons 
incident at 8 = 80° measured i n the range GeV/c. Ihis 
i s displayed i n figure 5»2, and i t i s foimd that the measiired 
spectrum i s close t o that expected i f a l l muons are derived from 
pions. Bie spectrograph used three trays of geiger counters f o r 
selection, and i t s axis was inclined at 55° 5^' east of magnetic 
north. An improvement to the Durham spectrograph was. made by 
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Ashton et a l . (I966) by incorporating trays of neon flash tubes 
int o the apparatus i n order to increase the accuracy of track 
location. Ihe accepted zenith angle range was 77»5°-90°; and 
the axis was re-orientated to 7 .8° east of magnetic north. 
Over 10,000 p a r t i c l e s were accepted i n a t o t a l running time-of 
about 1500 hours. The measurements are i n agreement with the 
predictions of Osborne (I966), -which are shown i n figure 3.2. 
The Durham spectrograph was again modified by MacKeown et a l . 
(1965) by doubling the magnetic path and increasing the longitudinal 
dimensions of the apparatus, so as to increase i t s resolution. 
Bie zenith angle acceptance range was reduced to 82 .5°-90° . 
Nearly 4000 p a r t i c l e s (p^ > 5.8 GeV/c) were analysed, and the 
resulting spectra again found to be i n agreement with the 
theoretical curves of Osborne. 
Kawaguchi et a l . (1965) have measured the spectrum of muons 
up to 170 GeV/c using the Nagoya spectrometer. A t o t a l of 
83i|-3 p a r t i c l e s incident at 8 = 78°(+2°) were analysed. Ihe 
cmrve best f i t t i n g the measvirements i s shown i n figure 3«2. 
I h i s i s i n agreement with the Durham measurements within 
experimental error. Measurements have also been made by Judge 
et a l . (l964a) on the momentum spectrum of muons a r r i v i n g at 
sea l e v e l i n the angular range 83°-90° using the Nottingham 
spectrograph with i t s axis aligned east-west. Bie best f i t 
to these measurements i s also displayed i n figure 3«2. 
Borog et a l . (1965) have studied showers i n i t i a t e d by muons 
at large zenith angles by means of an ionisation calorimeter. 
2h 
An i n t e g r a l burst spectrum was obtained, produced by muons 
incident at 8 >55°» 'Sals has been converted into the incident 
muon spectrum, which i s shown i n figure 3»2. A linear transla-
t i o n has been assumed by the authors i n which 70^ of the muon 
energy i s transferred i n t o /quanta i n the bremsstrahlung 
process. Ihe discrepancy i s absolute magnitude between the 
Borog et a l . spectrum and the spectra of Osborne probably arises 
from the method f o r converting from the burst spectrum to the 
muon spectrum. 
The momentum spectrum of muons i n the east-west azimuth 
has been determined at Nottingham by Judge et a l . (l96iib) at 
8 = 60° using a spectrograph of m. d.m. 28 GeV/c, and i s 
displayed i n figure 3«3» A comparison with the spectnam of 
Allen et a l . (1961),, calculated f o r muons incident from 
geomagnetic north and corrected for scattering and geomagnetic 
deflection, shows agreement with the experimental results at 
momenta i n excess of 10 GeV/c. However, at lower momenta, 
there i s a discrepancy between prediction and measiirement, the 
predicted f l i i x from the north being less than the measured fliox 
from the east. 3his i s inconsistent with geomagnetic deflection 
expectations.; -
3.4. Conclusions 
I n order to calculate the expected burst spectra, the 
spectrum of muons (E^ > 3 GeV) i n the zenith angle range 50°-90° 
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(1938) and i s represented by: 
where Pc i s the velocity of the p a r t i c l e and Z , A refer to the 
material. 
C = 0.15 Z / A gm. cm represents the t o t a l 'area' covered by 
-2 
the electrons i n one gm. cm , each electron being considered 
as a sphere of mdius equal to the classical electron radius. 
From consideration of the conservation of energy and momentm, 
there i s a maximum transferable energy , E^, given by 
2 :'/c== 
= ^e'=" 2k ^ 2k ^2,22 2X3 m c + m c + 2 m c ( p c +mc)'^ e e ' 
where m, m^  are the masses of the p a r t i c l e and the electron 
respectively. I n these calculations i t was assumed that the 
p a r t i c l e has a normaX magnetic moment as predicted by the Dirac 
theory f o r spin part i c l e s . 
k»1.5 Brems strahlung 
Ihe distance from the nucleus at which the radiation 
process occurs i s important i n the theoretical treatment. I f 
the distance i s large compared with the nuclear radius and small 
compared with the atomic radius, then the electromagnetic f i e l d 
of the nucleus can be treated as being the Coulomb f i e l d of a 
point charge Ze at the centre of the nucleus, and the screening . 
effect of the outer electrons can be neglected. Screening i s 
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important when the distance becomes of the order of the atomic 
radius. On the other hand, f o r interactions close t o the nucleus, 
the electromagnetic f i e l d can no longer be considered as being 
due to a point discharge, and corrections have to be introduced 
int o the theory. 
In the case of electrons undergoing bremsstrahlung, the 
interaction takes place at distances large conpared with the 
nuclear radius, so that the nucleus can be considered as a point 
charge, although screening is important. On account of the 
larger mass of the muon, radiation occurs much closer to'the 
nucleus. Screening can be neglected t o a larger extent, but 
at such close distances the f i e l d can no longer be treated as the 
Coulomb f i e l d of a point charge. The spin of the radiating 
p a r t i c l e has also to be taken into account. 
Christy et a l . (I9hl) calculated the differentiaJ. radiation 
probability f o r particles of mass m, spin ^  and normal magnetic 
moment, making the following assumptions: 
1. The kineti c energy of the p a r t i c l e i s large ccmpared 
with i t s rest mass. 
2. The potential of a nucleus i s that of a point charge 
f o r distances larger than the nuclear radius, r^, and 
i s constant f o r distances less than r . 
n 
3. Screening by the outer electrons i s negligible. The^ 
screening effect is thought to become important for 
primary energies >137 (m c^ /m^ ) Z~^, 
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Ihe general expression of the radiation probability i s : 
•frrtiere E i s theMnetic energy of the incident p a r t i c l e (rest 
mass (mc^), 
E ' i s the energy of the secondary photon. 
V = E ' / U i s the f r a c t i o n a l erergy transfer. 
2 
U = E + mc i s the t o t a l energy of the incident p a r t i c l e 
Q; i s the f i n e structure constant. 
N i s Avagadro's number. 
F ( U , V ) i s a slowly varying function of U and v \ ^ i c h , f o r a 
spin ^ p a r t i c l e , i s given by : 
km 1 . k Direct pair production 
When a p a r t i c l e passes through the electrcmagnetic f i e l d 
of a nucleus, and close to the nucleus, there is a certain 
p r o b a b i l i t y of one of the v i r t u a l photons associated with the 
f i e l d of the p a r t i c l e undergoing materialization to produce an 
electron-positron pair. . Although the spin of the incident 
p a r t i c l e i s ccmparatively unimportant, the screening effect 
of the outer atcmic electrons has to be taken into account. 
Rossi (1952) has given the probability per gm. cm of a 
pa r t i c l e (mass m and kinetic energy E ) 'producing an electron-
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positron pair with energy between E' and (E' + dE') : 
* (E,E')dE'= ^ T L ( U , V ) pp ^ ' ' I t ; . A e ^ ' ' 
where L(U,v) i s a function depending on U and v. 
Frcm the calculations of Ehabba (1935) four d i s t i n c t 
regions, depending on the energy of the pair and the degree 
of shielding, give r i s e to diff e r e n t expressions forIj(U,v), 
and these are given by Rossi (1952). 
Murota et a l . (1956) [M.U.T.] have calculated the cross-
section f o r the creation of an electron-positron pair by ah 
energetic charged p a r t i c l e using the Feynman-Dyson method, 
which i s v a l i d so long as the energies of the particles are 
large i n ccmparison with the irrespective rest masses. In the 
Bhabba approach the incident p a r t i c l e i s regarded as beiag a 
classical one moving along a straight l i n e with uniform 
velocity, the f i e l d of -vihich i s replaced by a classical f i e l d . 
This approximation gives a correct description only vhen the 
energy transferred to the pair i s small canpared with the 
energy of the incident p a r t i c l e . This approximation has not 
been made i n the M.U.T. approach, which considers the "vdiole 
range of possible energy transfers more rigorously. 
The cross-sections f o r the three processes are shown i n 
figure kml f o r t y p i c a l l y a 100 GeV muon i n iron. For low energy 
transfers, direct pair production and the c o l l i s i o n process 
predominate, -vAiereas bremsstrahlung i s the major process for 
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t r a n s f e r s > 17 GeV. Hence, t o study bremsstrahlung exper imenta l ly , 
i t i s necessary t o de tec t 3^rge energy t r a n s f e r s . The H o r i z o n t a l 
Burs t Experiment detects 3^rge energy t r a n s f e r s i n the form o f 
l a r g e b u r s t s , -which can be a t t r i b u t e d main ly t o bremsstrahlung, 
and a l so smaJLler b u r s t s (~ 30 p a r t i c l e s ) which a r i s e mainly f rom 
the c o l l i s i o n process. 
k* 2 Comparison v i t h experiment 
The r e s u l t s of -work done p r i o r t o 1958 are contained i n a 
review a r t i c l e by Fowler e t a l (1958). Up t o t h a t t ime e x p e r i -
menta l r e s u l t s agreed w i t h p r e d i c t i o n f o r energy t r a n s f e r s ~ 1 GeV. 
A comprehensive sui^rey o f the exper imenta l work since 1958 i n the 
f i e l d o f e lec t rcmagnet ic i n t e r a c t i o n s has been c a r r i e d out by 
Rogers (I965). I n the case o f the u - e c o l l i s i o n process, Deery 
e t a l (1960), u s i ng a c loud chamber, found an excess o f events 
w i t h energy t r a n s f e r s i n excess o f 1 GeV. Backenstoss e t a l (1963) 
have made measurements w i t h an abso rp t ion spectroneter s i t u a t e d i n 
the muon beam f rom the CEEN p ro ton synchrotron and found no 
discrepancy f o r energy t r a n s f e r s i n the r eg ion 1 - GeV; o f 
these two experiments , t h a t o f Backenstoss appears t o be the more 
accuxate, the quoted e r r o r be ing 5^ » I t i s poss ib l e t h a t the 
discrepancy found by Deery a r i s e s f r c m s t a t i s t i c a l f l u c t u a t i o n s , f o r 
i t has not been subs t an t i a t ed by other exper imental evidence. 
Another experiment which f i n d s agreement w i t h the Bhabba theory f o r 
t r a n s f e r s up t o 1 GeV i s t h a t o f Chatidhuri e t a l (1965), 
us ing a m u l t l p l a t e c loud cdiamber i n the coanic ray beam. 
Ihe s t a t i s t i c s of t h i s experiment are f a i r l y good; w i t h over 
70 events of eriergy t r a n s f e r i n excess of Mev. 
The exper imenta l r e s u l t s w i t h regard t o d i r e c t p a i r 
p roduc t i on are no t e n t i r e l y i n agreement w i t h theory . While 
Roe e t a l (1959) and Gaebler e t a l (1961), both us ing m u l t i -
p l a t e c loud chambers, f i n d cross-sec t ions U i i c h are a f a c t o r 
o f 2 lower than those p r e d i c t e d by the M.U.T. t heory , f o r 
energy t r a n s f e r s i n the range 0 . 2 - 1 GeV, the work o f 
Chaudhuri e t - a l {iSSk) f i n d s good agreement w i t h the M.U.T. 
theory f o r energy t i u n s f e r s i n the range O.055 - 1 GeV. A t the 
present t i m e , there i s no conclusive evidence t o d i s c r i m i n a t e 
between the Bhabba theory and t h a t o f M.U.T. 
Bremsstrahlung i s the one process which seems t o be 
adequately descr ibed by t heo ry . Bie exper imenta l work o f 
McDiaimid e t a l (1962) found no d e v i a t i o n f rom p r e d i c t i o n over 
the energy t i u n s f e r range where r a d i a t i o n losses were important 
i . e . 10-50 GeV. Bie l a r g e energy t r a n s f e r s -rfiich a r i s e mainly 
f r o m bremsstrahlung can be detected by means o f t h e , e l e c t r o n -
photon bu r s t s which they produce, and se-veral experiments have 
been undertaken d u r i n g the l a s t few years t o measure these l a rge 
b u r s t s . 
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4.5 Burs t experiments 
4.3*1 I n t r o d u c t i o n 
The cosmic ray muon spectra i n both the v e r t i c a l and 
l a r g e l y i n c l i n e d d i r e c t i o n s have been w e l l e s t ab l i shed by 
magnetic spectrographs f o r sea l e v e l energies< 500 GeV. 
Consequently, muons have been used t o study l a rge energy t r ans -
f e r s i n va r ious absorbers, enabl ing ttie p r e d i c t i o n s of quantum 
electrodynamics t o be t e s t e d a t l a r g e ehergy t rans fe r s . A t 
h i g h e r muon energies (> 500 GeV), where bremsstmhlung i s 
p redoninant , measurements have been made on the shape of the 
cosmic ray spectrum, assuming the correctness o f the r a d i a t i o n 
cross-sect i o n . • Agreement between the muon spectrum measured i n 
t h i s way and the spectrum obtained f r a n measuronents on y 
cascades a t va r ious depths i n the atmosphere es tabl i shes the 
v a l i d i t y o f the bremastrahlung c ross - sec t ion . 
4.5.2 Bar ton e t a l (1966) 
Bar ton e t a l (1966) have s t u d i e d the electromagnet ic i n t e r -
ac t ions o f h i g h energy cosmic ray muons a t a depth o f 60 m.w. e. 
below sea l e v e l , u s ing an apparatus c o n s i s t i n g of s i x l i q u i d 
2 
s c i n t i l l a t i o n counters , each of area 1.1 m , i n t e r l e a v e d w i t h 
sheets o f l e a d o f th ickness 2.5 r a d i a t i o n lengths . (Qie measured 
range o f energy t r a n s f e r s was O.I-5O GeV. The number o f 
e l ec t rons a t shower maximum was used as a measure of the energy 
o f the shower, and the cascade theory o f Buja (19^3) 'was onployed 
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t o convert f r o m b u r s t s i ze t o the corresponding shower energy. 
H i i s technique has the advantage t h a t f l u c t m t i o n s due t o the 
s tochas t i c nature o f showers are a minimum a t shower maximum. 
The r e s u l t s i n d i c a t e no s i g n i f i c a n t discrepancy between the 
measured spectrum and the spectrum p r e d i c t e d f r o n theory . The 
[X - e c o l l i s i o n process was dominant f o r energy t r a n s f e r s i n 
the range 0 , 1 - 6 GeV w i t h bremsstrahlung more important a t 
l a r g e r energy t r a n s f e r s . 
4.3.3 H i l t o n (1967) 
A p r o t o t y p e o f the U n i v e r s i t y of Utah neu t r i no de tec tor has 
been operated t o r e g i s t e r bu r s t s produced by muons i n c i d e n t i n 
the z e n i t h angle range 60°-90°. The de tec to r cons is ted 
e s s e n t i a l l y o f two l a r g e water Cerenkov counters on e i t h e r side 
2 
o f an i r o n absorber, each hav ing a s e n s i t i v e area o f 3O m • Ihe 
Cerenkov counters were used t o determine the number o f p a r t i c l e s 
i n a b u r s t , and l a y e r s o f c y l i n d r i c a l spark coiuiters in terspaced 
i n the de t ec to r d e t e m i n e d the t r a j e c t o r y o f the muon w i t h an 
accuracy of l e s s than one degree. Seme evidence about the l a t e r a l 
sp read 'o f the b u r s t could a l so be obta ined f r a n the spark 
counter i n f o r m a t i o n . Bie three-d imensional co-ordinates o f each 
spark i n the accous t ic spark counters , toge ther w i t h the pulse 
he igh t s f r o m the Cerenkov counters , determined us ing pulse he igh t 
ana lyse r s , • and the t ime o f each event was recorded a u t o m a t i c a l l y 
on magnetic t ape . The r e l e v a n t data , over I3OO events, were 
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e x t r a c t e d f rom the t o t a l recorded data by means of computer. The 
m i n i m m b u r s t s ize considered was kO e l e c t r o n s . Comparison o f 
the measured data w i t h expec ta t ion shows a discrepancy, there 
I, 
be ing fewer l a r g e b u r s t s than p r e d i c t e d . This d e v i a t i o n can be 
accounted f o r by p o s t u l a t i n g t h a t the t h e o r e t i c a l branss t rahlung 
c ross - sec t ion i s i n e r r o r f o r l a rge energy t r a n s f e r s (> 50 GeV). 
4.5.4 H i g a s h i e t a l (1964) 
The cascade showers produced by h i g h energy muons i n the 
ea r t h have been measured a t a depth o f 20 m.w.e. underground by 
2 
means o f s c i n t i l l a t i o n counters o f t o t a l area Qm. . The apparatus 
cons i s ted o f f o u r s c i n t i l l a t o r s (each of area 2m ) , and two 
neon f l a s h - t u b e a r rays p o s i t i o n e d under the counters. With t h i s 
arrangement the authors c l a im i t was poss ib l e t o observe bu r s t s 
due t o muons f r c m a l l i n c i d e n t d i r e c t i o n s . The neon f l a s h - t u b e 
ar rays were used t o d i s t i n g u i s h b u r s t s produced by muons w i t h 
smal l angles o f incidence ( < 60°) f rom those bu r s t s produced 
by more ob l ique muons. 
Three processes were considered as c o n t r i b u t i n g t o the 
p r o d u c t i o n o f b u r s t s : bremsstrahlung, |a - e c o l l i s i o n and 
d i r e c t p a i r p r o d u c t i o n . Bremsstrahlung was predominant, and 
the case of no screening was assumed i n the t h e o r e t i c a l a n a l y s i s . 
F l u c t u a t i o n s were taken i n t o account by the F u r i y d i s t r i b u t i o n . 
U n c e r t a i n t y i n the e f f e c t i v e aper ture of the apparatus leads 
t o seme ambigui ty i n the method of de te rmin ing the l i m i t a t i o n 
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o f z e n i t h ang le , and the p o s s i b i l i t y of bu r s t s produced by 
muons a t z e n i t h angles around 70° could no t be excluded. The 
theory o f B a r r e t t e t a l (1952) was used t o p r e d i c t the v e r t i c a l 
muon spectrum f r c m the measured data. Hie r e s u l t i n g form o f 
the v e r t i c a l spectrum was : 
F>(>E) = 3.8 " ^ ' ^ (E / l O ^ ) cm'^sec'-'-sterad"-^ 
- x . p 
w i t h 7 = 2.5 " ^ i * ^ f o r 10^  < E < il- x 10^  GeV. 
•A m o d i f i c a t i o n t o the apparatus has been made by increas ing 
2 
the counter area t o 20 m and i n c o r p o r a t i n g a second l a y e r o f 
s c i n t i l l a t o r s (area 20 m ) a t a d is tance of 2m. below the 
o r i g i n a l l a y e r . Making use o f the v a r i a t i o n i n response of 20 
p h o t o m u l t i p l i e r s w i t h p o s i t i o n o f the shower ax i s over the 
area, i t i s p o s s i b l e t o e s t a b l i s h the p o s i t i o n o f the bu r s t 
i n each l a y e r , and hence the z e n i t h angle o f the i n c i d e n t muon. 
Ihe measured b u r s t spectrum has been converted t o an i n c i d e n t 
v e r t i c a l muon spectrum us ing cascade theory , and the r e s u l t i n g 
spectriffii ( p r i v a t e communication t o Professor A. W. Wolfendale) 
i s shown i n f i g u r e 4.2. B ie re i s good agreement w i t h the O.P.W. 
spectrum f o r muon energies up t o 2000 GeV bu t above t h i s energy 
the O.P.W. spectrum p r e d i c t s l e ss muons than are measured. The 
best va lue o f the exponent as determined f r cm the b u r s t e x p e r i -
k 
ment i s 7 = 2.7 ± 0.2 f o r muons o f energy up t o 10 GeV. 
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4.5.5» K r a s i l n i k o v (1965) 
Large i o n i s a t i o n b u r s t s produced i n a th ickness of 10.5 cms 
o f l e a d were measured i n s p h e r i c a l i o n i s a t i o n chambers by 
K r a s i l n i k o v (1965). The f r a c t i o n of b u r s t s caused by r e s i d u a l 
nuc lear a c t i v e components and by extensive a i r showers was 
es t ima ted f rom a l t i t u d e dependence and f r o m cons ide ra t ion of the 
barometer e f f e c t . The e f f e c t o f f l u c t u a t i o n s was not taken i n t o 
c o n s i d e r a t i o n . Burs ts de tec ted by the apparatus are produced by 
an o m n i d i r e c t i o n a l f l u x over a s o l i d angle of nea r ly 2jt s teradians . 
The i n c i d e n t muon spectrum i n the v e r t i c a l d i r e c t i o n has been 
d e r i v e d f r o m the measured b u r s t spectrum and i s g iven by 
F ( > E ) = (1.0 ± 0.l4)x 10"5 ( E / I O " ) " ' ^ cm'^.sec'-'-.sterad"-'-. 
where 7 = 2.4 ± 0.1 f o r l o " < E < 6 x IQ-"-^ ev. 
The spectrum i s shown i n f i g u r e iu2. The r e s u l t s of b o t h K r a s i l n i k o v 
and Higash i e t a l . (1964) g ive values of the exponent -which are 
smal le r t h a n -the O .P .W. s p e c t r i M . Ho-wever, t h e l a t e r measurements 
o f Higashi" e t a l . (I966) a i B more i n agreement w i t h the O.P.W, 
spectrum. 
4,5.6, E ta i t r i ev e t a l , (1965) 
The energy spectrum of muons i n the range 100 - 3OOO GeV was 
d e r i v e d by D m i t r i e v e t a l , (1963) f r om the spectrum of l a rge bu r s t s 
produced under a l e a d f i l t e r a t a depth o f 40 m,w.e, underground. 
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B a s i c a l l y the apparatus cons i s ted o f i o n i s a t i o n chambers 
( s e n s i t i v e area 1.75 m ) screened on top o f a l a y e r of l ead l6 cms 
t h i c k . Below the chambers geiger counters were i n s t a l l e d so t h a t 
muons t r a v e l l i n g w i t h z e n i t h angle 9 ^ 50° could be se lec ted . 
The measured spectrum of bu r s t s was converted t o the i n c i d e n t 
v e r t i c a l muon spectrijm us ing the cascade curves o f O t t (1954) and 
the t heo iy o f B a r r e t t e t a l . (1952). Allowance was made f o r 
d i f f e r e n t t r a c k l eng ths i n the chambers and f a r the angular 
d i s t r i b u t i o n o f p a r t i c l e s i n a b u r s t , and f l u c t u a t i o n s were 
accounted f o r by means o f a Monte-Carlo method. Hie i n t e g r a l 
muon spectrum i s shown i n f i g u r e 4.2, and i s found t o have an 
exponent 7 = 2.1 ± 0.2 i n the muon energy range 100 - 5OOO GeV. 
There i s a ve ry marked discrepancy between these r e s u l t s and the 
others d i sp l ayed i n f i g u r e 4.2., e s p e c i a l l y i n the energy r eg ion 
> 1000 GeV. 
4.5. 7« Vemov e t a l . (1965) 
An i n v e s t i g a t i o n o f the p e n e t r a t i n g conponent o f cosmic rays 
has been c a r r i e d out a t a depth o f 40 m.w.e. undergroimd by 
Vemov e t a l . (1965). The apparatus cons is ted o f 240 ' ion isa t ion 
chambers and 200 ge iger counters , p re sen t ing a t o t a l s e n s i t i v e 
2 2 area o f 45 m . A m u l t i - t r a y de tec to r (area 5m ) , c o n s i s t i n g o f 
5 t r a y s o f ge iger counters and three t r a y s o f i o n i s a t i o n chambers, 
was i nco rpo ra t ed i n the a r r a y . The b u r s t s ize i n eacii chamber was 
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recorded i n d i v i d - u a l l y i n one channel o f a pulse he igh t analyser , 
and -the d i r e c t i o n o f the t r a j e c t o r y o f a charged p a r t i c l e passing 
th rough the counter t r a y s -was measured w i t h -Uae a i d o f the m u l t i -
t r a y de t ec to r . The spectr-um o f b u r s t s produced by pene t r a t i ng 
p a r t i c l e s t r a v e r s i n g the a r r ay w i t h z e n i t h angle 9 < 45° -was 
measured. H i i s has been converted i n t o the v e r t i c a l muon spectrum, 
-vdiich i s d i sp l ayed i n f i g u r e 4 .2 . Again there i s a considerable 
discrepancy, bo th i n absolute value and i n exponent, bet-ween -this 
spectrum and the O.P,W, s p e c t r m , 
4 . 3 . 8 , Borog e t a l . (1965) 
Cascade sho-wers -were s tud ied by Borog e t a l . (1965) us ing an 
i o n i s a t i o n c a l o r i m e t e r . The apparatus cons is ted o f s i x rows of 
rec-bangular i o n i s a t i o n chambers p laced between l aye r s o f i r o n 9 cms 
t h i c k . Wi th t h i s arrangement i t was pos s ib l e t o measure "tte t o t a l 
nijmber o f i o n i s i n g p a r t i c l e s a t s i x l e v e l s i n "tiie cascade curve 
and a l s o t o deteimine the angle o f incidence of -the pr imary 
p a r t i c l e . Over l400 showers -were recorded i n a running t ime o f 
2520 hours . Measurement o f the angular d i s t r i b u t i o n of showers 
e s t a b l i s h e d t h a t f o r 9 > 5 5 ° - 6 0 ° the f r a c t i o n of showers i n i t i a t e d 
by n u c l e a r - a c t i v e p a r t i c l e s -was n e g l i g i b l e compared w i t h muon 
b u r s t s . The exponent of the bvirst spectrum measured i n the 
angular range 5 5 ° - 9 0 ° was 7 = 2 . I 5 ± 0,15, Using a l i n e a r conver-
s i o n f a c t o r t o determine t h e average muon energy producing a 
g iven energy t r a n s f e r , t he authors de r ived -the i n t e g r a l muon 
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spectrum i n the z e n i t h angle range 5 5 ° - 9 0 ° : 
1 = ( l O " ^ ) E " ' ' cm"^. sec"""" sterad""*" 
w i t h 7 = 2.15 ± 0»15 and E i n u n i t s o f 10" ev. 
This spectrum, which i s v a l i d i n the energy range 300 - 5000 GeV, 
i s p l o t t e d i n f i g u r e 5*2. 
4 .3»9« Discuss ion 
The b u r s t experiments of Bar ton and H i l t o n were perfoimed t o 
t e s t quantum electrodynamics i n the r e g i o n o f l a r g e energy t r a n s f e r s . 
Bar ton s tud ied b u r s t s produced by v e r t i c a l cosmic ray p a r t i c l e s 
i n a r eg ion 'vAiere n-e c o l l i s i o n s were predcminant, and found 
agreement w i t h t heo ry . H i l t o n , on the o ther hand, detected bu r s t s 
produced by muons i n c i d e n t a t l a r g e z e n i t h angles , and comparison 
of the observed spectrum w i t h p r e d i c t i o n showed a discrepancy f o r 
energy t r a n s f e r s > 50 GeV. I t seems u n l i k e l y t h a t t h i s discrepancy 
coxild a r i s e f r o a e i t h e r f l u c t u a t i o n s o r f r c m e r ro r s i n the i n c i d e n t 
muon spectrum. The measurements i n d i c a t e an ove r -e s t ima t ion i n 
the t h e o r e t i c a l bremsstrahlung c ros s - sec t ion - a r e s u l t •which i s 
no t subs tan t i a t ed by the work descr ibed i n t h i s t h e s i s . 
'Jtie remaining b u r s t experiments are concerned w i t h de termining 
the i n c i d e n t muon spectra , assuming the v a l i d i t y o f Q.E.D. The 
r e s u l t s o f H i g a s h i e t a l . (1966) are l a r g e l y i n agreement w i t h 
K r a s i l n i k o v and the O.P.W. sp6et^rum, any d i s p a r i t y between the 
r e spec t ive experiments be ing due to the i m c e r t a i n t i e s inherent i n 
the exper imenta l technique . The measurements of bo th I t a i t r i e v 
i^ 5 
and Vemov g ive r i s e t o spectra which have smaller exponents than 
the O.P.W. spectrum. However, i t should be remembered t h a t these 
two spectra are ' g l o b a l ' spect ra , -whereas the 0,P,W, spectrum 
r e f e r s t o v e r t i c a l muons. F i n a l l y the measurements of Borog e t 
a l . i n l a r g e l y i n c l i n e d d i r e c t i o n s a re not i n agreement -wi-th 
t h e Ashton e t a l . (1966) measurements, as shown i n f i g u r e 5*2. 
I t should be noted t h a t the measuranents r e f e r t o the to- ta l 
angular range 55°-90°^ -vdiereas -the Ashton data are measured i n 
a much narrower angular range. Hie c o n f l i c t i n g evidence produced 
by meas-urements o f the muon spectra by means o f b i i r s t techniques 
unde r l ines some o f the d i f f i c - u l t i e s inherent i n the me-Qiod, 
4,4, Conclusions 
The c ross -sec t ions f o r knock-on e l e c t r o n p roduc t ion , 
bremsstrahlung and d i r e c t p a i r p r o d u c t i o n used i n the bur s t 
c a l c u l a t i o n s are those g iven by Rossi (1952), Both the knock-on 
and bremsstrahlung processes are adequately descr ibed by theo ry , 
t h e f o i m e r f o r energy t r a n s f e r s < I5 GeV and the l a t t e r f o r 
t r a n s f e r s < 50 GeV. A t the present t ime the experimen-tal r e s u l t s 
w i t h r e ^ r d t o d i r e c t p a i r p r o d u c t i o n are i n c o n f l i c t . Ho-wever, 
i n "te Hor izon- ta l Burs t Experiment t h e dominant processes are | i -e 
c o l l i s i o n and bremsstrahlung, and -the c o n t r i b u t i o n t o bu r s t s 
f r o m d i r e c t p a i r p r o d u c t i o n i s smal l . Hence the p r e d i c t e d b u r s t 
spectrum i s f a i r l y i n s e n s i t i v e t o the c ross - sec t ion employed t o 
descr ibe d i r e c t p a i r p r o d u c t i o n . 
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CHAPTER 5 
CASCADE SHOWERS BT IRON 
5«1« I n t r o d u c t i o n 
E lec t rons lose energy by c o l l i s i o n and by the r a d i a t i o n 
process i n t r a v e r s i n g mat t e r , and f o r energies g rea te r than the 
c r i t i c a l energy o f the medium (e^) r a d i a t i o n losses predominate. 
On pass ing through the Coulomb f i e l d o f the nucleus, there i s a 
d e f i n i t e p r o b a b i l i t y t h a t an e l e c t r o n w i l l emit a photon by 
bremsstrahlung, the energy o f which i s close t o t h a t o f the 
i n i t i a l e l e c t r o n . A photon o f such energy can e i t h e r m a t e r i a l i z e 
i n t o an e l e c t r o n - p o s i t r o n p a i r or can undergo Compton s c a t t e r i n g . 
I n e i t h e r case the r e s u l t i n g charged p a r t i c l e s can emit f u r t h e r 
photons, which i n t u r n produce more e l e c t r o n s . Hence, a t a c e r t a i n 
depth i n the medium, ins t ead o f there be ing one e l e c t r o n of energy 
E^, there are s eve ra l e l ec t rons and photons whose t o t a l energy i s 
close t o E^. As the cascade process cont inues , the average 
energy" o f the e l ec t rons decreases u n t i l even tua l ly c o l l i s i o n 
losses doninate bremsstrahlung, and the shower dies ou t , a l l the 
i n i t i a l energy be ing d i s s i p a t e d i n e x c i t a t i o n and i o n i s a t i o n o f 
atoms. 
Over t h e - l a s t t h i r t y years many workers have at tempted t o 
e x p l a i n t h e o r e t i c a l l y the behaviour o f an e lec t ron-photon cascade 
i n ma t t e r . The approaches can be d i v i d e d i n t o two ca tegor i e s : 
1. The a n a l y t i c a l method, i n which a set o f d i f f u s i o n equations 
i^ 5 
are f o i m u l a t e d t o represent the cascade, and so lu t ions are 
obta ined under v a r y i n g s i m p l i f y i n g c o n d i t i o n s . 
2, The Monte-Carlo me-tiiod, i n i d i i c h the pr imary p a r t i c l e and a l l 
subsequent p a r t i c l e s are f o l l o w e d through the m a t e r i a l , and 
the f a t e of each i s determined by a 'wheel of chance'. 
5,2 A n a l y t i c a l method 
5.2,1, S i m p l i f y i n g assumptions 
Mathemat i ca l ly , i t i s ve ry d i f f i c u l t t o p r e d i c t the p r o b a b i l i t y 
o f an e l e c t r o n or photon i n c i d e n t on an absorber prcducing N 
e l e c t r o n s and W^-photons a t a depth t i n the s o l i d angle range 
(co,a)+dai), i n the energy range (E,E+dE) and a t a dis-tance ( r , r + d r ) 
f r a n -the shower a x i s . Consequently, on ly the average behaviour o f 
showers i s c a l c u l a t e d , and any s p e c i f i c p r o b a b i l i t y i s calcixLated 
as a d e v i a t i o n f rom "the average behaviour . 
The angles o f emission o f secondary e l ec t rons and photons are 
v e i y s m a l l , o f magnitude m^c / E ^ , ^ e r e E^ i s the energy o f the 
p r imary p a r t i c l e . I n substances of l o w a ton i c number R u t h e r f o r d 
s c a t t e r i n g i s a l so SDB.11, SO t h a t t t e shower e s s e n t i a l l y develops 
i n the d i r e c t i o n o f t h e i n c i d e n t p a r t i c l e . However, i n h i g h Z 
absorbers cascade m x i l t i p l i c a t i o n continues t o lo-wer secondary 
e l e c t r o n energies where m-ul t ip le s c a t t e r i n g becomes impor tan t . I n 
gene ra l the approach adopted i s t o t r e a t the cascade as being one-
dimensional and then t o make co r r ec t i ons f o r the increased t r a c k 
l e n g t h due t o s c a t t e r i n g . 
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5«2,2. Basic eq^uations 
The equat ions o f the one-dimensional cascade t h e o i y , -which 
inc ludes p a i r p r o d u c t i o n and Comp-bon s c a t t e r i n g by photons and 
bremsst2?ahlung and i o n i s a t i o n losses by e l e c t r o n s , are de r ived i n 
d e t a i l by Rossi (1952) by cons ide r ing the var ious p roduc t ion and 
abso rp t ion processes t a k i n g place i n an i n f i n i t e s i m a l l a y e r o f 
th ickness d t . The expressions n ( E , t ) dE and 7 ( E , t ) d E are the 
numbers o f e l ec t rons and photons r e s p e c t i v e l y w i t h energies bet-ween 
E and (E + dE) a t a th ickness t . The d i f f u s i o n equations r e l a t i n g 
the numbers o f e l ec t rons and photons a t depth t t o t t e numbers 
o f e l ec t rons and photons a t depth ( t + d t ) a r e : 
00 00 
=J • 7 ( E ' , t ) 0^ ( E , E ' ) d E ' + Tt ( E ' , t ) <t>g ( E ' , E ' - E ) d i : ' 
E 
- ^ « ( E , t ) * g ( E , E ' ) d E ' - p 
byiE,t) • n ( E ' , t ) <t.g(E',E)dE' 7 ( E , t ) 0^ ( E , E ' ) ( f f i ' . 
-where P i s the average i o n i s a t i o n l o s s per r a d i a t i o n l eng th 
<t>„(E,E'). i s the d i f f e r e n t i a l p r c j b a b i l i t y per r a d i a t i o n l eng th 
E 
f o r the p r o d u c t i o n o f a photon (energy E ' ) by an e l e c t r o n (energy 
E ) . 
<))_p(E>E') i s the d i f f e r e n t i a l p r o b a b i l i t y per r a d i a t i o n l eng th 
f o r the p r o d u c t i o n of an e l e c t r o n (energy E ) by a photon (energy E ' ) . 
This can occur by e i t h e r p a i r p roduc t ion or Ccmpton s c a t t e r i n g . 
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5»2,5» So lu t ions o f the bas ic equations 
D e t a i l e d s o l u t i o n s o f the d i f f u s i o n equations \jnder the assumptions 
o f Approximat ions A and B are g iven by Rossi (1952). Compton s c a t t e r i n g 
and c o l l i s i o n losses are ignored i n the s impler Approximation A 
approach, and the p r o b a b i l i t i e s f o r p a i r p roduc t ion and r a d i a t i o n 
a re descr ibed by t h e i r asymptot ic va lues . S i m i l a r s i m p l i f i c a t i o n s 
a re made under Approximat ion B, b u t w i t h -the except ion -that c o l l i s i o n 
losses are taken i n t o account by sv ib t rac t ing an amount of ^ e r g y 
equa l t o -the c r i t i c a l energy per r a d i a t i o n leng th f rom each of the 
e l e c t r o n s i n the cascade. 
A survey o f -the cascade theory o f e lec t ron-photon showers by 
B e l e n k i i e t a l . (1959) gives a comprehensive account of the va r ious 
methods and the d i f f e r e n t approximations adopted by several workers 
i n t h e i r a t tempts t o solve -the d i f f u s i o n equat ions. Using the method 
of f u n c t i o n a l t i s n s f o r m a t i o n s , a f a i r l y ccsnplete d e s c r i p t i o n of the 
average one-dimensional cascade i n l i ^ t substances can be obta ined. 
However, t h i s method i s no t v a l i d i n l i g h t m a t e r i a l s -when the 
e l e c t r o n energies are ~ or i n heavy subs-tances -vAiere seat-tering 
i s impor tan t . A f u r t h e r d i f f i c u l t y i n h i g h Z substat^ces i s t h a t the 
t o t a l ab so rp t i on c o e f f i c i e n t f o r photons i s s t r o n g l y energy dependent. 
I n Approximat ion B t h i s c o e f f i c i e n t i s constant and equal t o the 
asymptot ic value o f t h e p a i r p roduc t ion c ross - sec t ion . For t h i s 
reason, the method of f u n c t i o n a l t ransfoiTnations , - td iose usefulness 
i s due t o "the a p p l i c a t i o n o f asymp-totic expressions f o r the cross-
sec t ions o f the bas ic processes, does not g ive an accurate p i c t u r e o f 
kQ 
shower development i n heavy substances, especially i n the t a i l 
of the' shower, \Aiere the absorption of photons of energy ~ 
has a value smaller than the aqymptotic value. 
Another approach -which has been used extensively i n solving 
the problem makes use of the f a c t that the func t ion can be 
defined by i t s moments. This method of moments has been applied 
to heavy absorbers by Belenki i a t a l . (1959)• 
5.2.k. Cascades i n i ron 
Bursts corresponding to mean energy transfers i n the range 
9 11 
2 X 10 - 3 X 10 ev have been observed i n the Horizontal Burst 
Experiment. Hence any cascade theoiy employed i n a theoret ical 
analysis must cover t h i s pa r t i cu la r energy range and also per ta in 
t o i r on . Ivanenko et a l . (I958) have calculated cascade curves 
i n copper f o r primary electron or photon energies i n the range 
8 12 
3. 2 X 10 - 1.3 X 10 ev by means of the method of mcments, 
taking in to account the energy dependence of the t o t a l photon 
absorption c o e f f i c i e n t , and mul t ip le scat ter ing. These curves, 
•vdiich may be applied to i ron due to the Z of copper being only 
. ~10^ d i f f e r e n t from that of i ron , are the only ones available 
at the present time which sa t i s fy the experimental c r i t e r i a , and 
so have been employed t o calculate theore t ica l burst spectra i n 
and Sg. 
. Shower development curves of Ivanenko are shown in f igure 
5 .1 f o r showers i n i t i a t e d i n i ron by primary electrons of 
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Figure 5 .1 . Comparison of shower development curves of Ivanenko et a l 
(1958) ( f u l l l ines ) and Approximation B (broken l ines) f o r 
showers i n i t i a t e d i n i ron by primary electrons of energies 
E^/e^ ^lO'^IOand The curve A K K - K X . represents the Monte-
Carlo calculat ions of Crawford et a l (1965) and i s f o r an 
energy E,/e„ =9. 5*to 
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Figure 5.2. Shower development curves giving the numbers of electrons 
( f u l l l i ne s ) and photons (broken l ines) f o r cascades 
i n i t i a t e d i n i r o n by primary electrons of energies E /e 
=10^10 and loT The f u l l l ines are according to Ivanenko et 
a l (1958)> and the broken l ines have been interpolated, from 
Approx. A. the s t ra igh t l ines are the l o c i of constant age 
parameter s. 
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Figure 5.3. Shower development curves giving the numbers of electrons 
( f u l l l i ne s ) and photons (broken l i ne s ) f o r cascades 
i n i t i a t e d i n i r o n by photons of energies E,/e^ =10'',1Cr' anii. 
^dt The f u l l l ines are according to Ivanenko et a l (1958), 
and the broken l ines have been interpolated from Approx. A. 
The s t ra igh t l ines are the l o c i of the age parameter s. 
Best f i t to the 
experimental data 
of Backehstoss et a l . 
(1965). 
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K-gure 5.4. Experimental data of Backenstoss et a l f o r i ron 
compared w i t h the theory of Ivanenko et a l . 
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energies given by E^e^ = 10^, 10^ and l o \ = 21 Mev 
f o r i ron . The curves indicate the t o t a l number of electrons at 
any depth. Comparison i s made i n the same f igure with curves 
calculated under Approximation B. The divergence a f t e r shower 
maximum i s due to the use of a^rmptotic values i n Approximation 
B. Cascade curves f o r electron and photon i n i t i a t e d showers 
are displayed in f igures 5.2 and 5.3 respectively. The f u l l 
l ines represent the t o t a l number of electrons, and the broken 
l ines r e f e r to the t o t a l photon f l u x . The l a t t e r have been 
interpolated from Approximation A. Bae l o c i o f constant age 
pai?ameter s as given by Approximation B are also displayed i n 
the f igures . . 
5.3* Comparison wi th experiment 
5 . 3 . 1 . .Backenstoss et a l . (I963) 
Cascade showers produced i n a t o t a l absorption spectrometer 
by a beam of muons from the CERN proton synchrotron have been 
studied by Backenstoss et a l . (1963). Average showers i n i ron 
resu l t ing from knock-on electron production were obtained f o r 
energies up to 10 GeV, and these are shown i n f i g u r e together 
wi th the theore t i ca l predict ions of Ivanenko. Ihere is good 
agreement between theory and experiment f o r showers o f energy 
^ k GeV, but at 10 GeV the theory predicts ~ 20^ more electrons 
at shower maximum than are actual ly observed. 
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5.3.2. Takbaev et a l . (1965) 
Electron-photon showers have been recorded i n i ron by 
Takbaev et a l . (1965) using an ion isa t ion calorimeter consisting 
of 12 layers of chambers separated by absorber. Showers i n i t i a t e d 
by nuclear-active par t i c les were rejected by means of a large 
carbon plate (16O gm. cm ) and two layers of ionisat ion chambers 
beneath the main calorimeter. Pions produced i n the in teract ion 
of a nuclear-active p a r t i c l e would be expected to produce a 
f u r t h e r shower beneath the carbon, whereas electromagnetic 
cascades wo-uld be absorbed. A t o t a l of I87 electromagnetic 
showers were observed. The energy of each cascade was determined 
using the r e l a t i o n 
E^ = P ^ ( t ) dt 
•vAiere P i s the average energy loss of an electron per gm. cm ^. 
I t was found that the pilmary energies were i n the range 100 -
300 GeV. The showers were normalised to an energy of 100 GeV, 
and the average curve i s shown i n f igu re 5.5* The experimental 
points are i n good agreement wi th the theore t ica l curves of 
Ivanenko. 
5.3.3. Murzin et a l . (1963) 
The shape of electron-photon cascade curves i n i ron has 
been measured wi th an ionisa t ion calorimeter by Murzin et a l . 
(1963) f o r primary electron and photon energies ~ 200 GeV. Hie 
The calorimeter consisted of s ix layers of ionisat ion chambers 
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interleaved with i r o n , and only events i n -viiich there were at 
least 250 r e l a t i v x s t i c charged par t i c les i n each of three 
layers -were selected. 
I n general, interact ions of nuclear-active par t i c les lead 
t o a broader depth d i s t r i b u t i o n of ionisa t ion i n the calorimeter, 
o f t en possessing several peaks. Consequently, the basis f o r 
selecting electromagnetic bursts was an ionisat ion d i s t r i b u t i o n 
of minimum width, one peak and ccamnencing wi th in the f i r s t three 
rad ia t ion lengths of the absorber. To avoid selecting events 
a r i s i n g from several primary electrons and photons, only cases 
were considered i n -vdiich 75^ of the ionisat ion produced i n one 
row occurred i n a single ionisa t ion detector. 
Using these selection c r i t e r i a , 10 out of BO recorded events 
were interpreted as being electranagnetic cascades. !I5iese events 
were normalised to a primary energy of 100 GeV, and are shown 
i n f i gu re 5.5 together wi th the theore t ica l curve of Ivanenko. 
Despite the l i m i t e d s t a t i s t i c a l accuract of the measurements, 
the agreement wi th theory i s good. 
I t should be noted that the absolute numbers of electrons 
measured by Takbaev et a l . and Murzin et a l . are not i n 
agreement, despite both measurements being normalised to an 
energy of 100 GeV. 
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5»4. Monte-Carlo calculations 
The Monte-Carlo method of simiilating electron-photon cascades 
has been used by Crawford et a l . (1965) to study the three-
dimensional cascade problem in copper fca: various primary and 
secondary energies. They have produced extensive tables of 
electron and photon number d i s t r ibu t ions , together wi th rad ia l 
and angular d i s t r i bu t ions . I n these calculations br^ss t rah lung , 
pa i r production, Ccmpton scattering, mul t ip le scattering and 
ionisa t ion losses were taken in to account. The Bethe-Heitler 
cross-sections f o r pa i r production and bremsstrahlung were used, 
w i th allowances made f o r the screening e f f e c t . Any deflections 
as a res i i l t of these processes was considered negl igible compared 
w i t h mul t ip le scat ter ing. 
The resul ts of Crawfoixi et a l . are r e s t r i c t ed wibh regard 
to primary energy, and the tables available f o r copper were f o r 
a maximum energy of 2 GeV. Hence, i t i s only possible to compare 
Ivanenko et a l and Crawford et a l a t t h i s energy. A d i f f i c u l t y 
i n making a ccmparison arises from the f a c t that Ivanenko et a l . 
calculate the t o t a l number of electrons whereas Crawford et a l , 
present the resul ts i n the foim of the flux of electrons with 
energy i n excess of 10 MeV. I n the burst experiment calculations 
i t i s important t o know the energy spectrum of electrons i n a 
cascade, so as t o be able to calculate the equivalent burst size 
measured by a s c i n t i l l a t o r . 
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5«5« Energy spectrum of electrons i n a burst 
A s c i n t i l l a t i o n counter measures the t o t a l track length of 
ionis ing pa r t i c l e s i n the phosphor. Because the phosphor has 
a f i n i t e thickness, a p a r t i c l e requires a de f in i t e energy to 
traverse the counter, and par t i c les wi th energy less than t h i s 
minimum value w i l l be stopped i n the phosphor. I n par t i cu la r 
the mean minimum energy fo r the s c i n t i l l a t o r s used i n the burst 
experiments was 28 MeV. An equivalent pa r t i c l e i s defined as 
a p a r t i c l e which completely traverses the counter. Hence two 
electrons each of energy ih MeV incident on the phosphor would 
be detected as one equivalent p a r t i c l e by the s c i n t i l l a t o r . 
Consequently, i t i s necessary t o know the energy spectrum of 
electrons i n a cascade so as to establish a relat ionship between 
the number of equivalent pa r t i c les measured by the s c i n t i l l a t o r 
•and the t rue nmber of electrons i n th^ burst . 
The In tegra l energy spectrum of electrons i n a cascade as 
calculated under Approximation B i s proport ional to (E + e^; , 
where S i s the age parameter. Mi t ra et a l . (19^9) measured the 
momentum spectrum of par t i c les i n e x t ^ s i v e a i r showers at sea 
l eve l using a counter-controlled cloud chamber operated i n a 
magnetic f i e l d , and found the results to be consistent wi th an 
in t eg ra l spectrum proport ional to (E + e^)"'' with 7 = 1.1±0.5» 
According to t t e authors the theore t ica l value of the exponent 
i s 1.5 but the discrepancy was due to selection bias and 
sca t te r ing of the pa r t i c l e s . 
5h 
I n f i gu re 5.6 the energy d i s t r i b u t i o n of electrons at the 
maximum of a 2 GeV cascade i n i t i a t e d by a primary electron i n 
i ron i s shown by the f - u l l l i n e , and has been calculated frcm the 
cascade curves of Ivanenko et a l using the expression 
N(>E) = N(>o) (1 + E/e^)"^ 
Nassar et a l (19^6) attempted to check the v a l i d i t y of shower 
theory using a counter control led cloud chamber operated i n a 
magnetic f i e l d of 1100 gauss. The diamber contained four lead 
p la tes , and events were selected i n which cascades i n i t i a t e d by 
a single electron were observed i n the chamber. The average energy 
d i s t r i b u t i o n of electrons near the maximum was determined using 
17 showers wi th a maximum nmber of par t ic les between 6 and 20. 
The experimental points are p lo t t ed i n f igure 5»6, and are 
noimalised to the Ivanenko et a l ciirve at an electron energy E 
given by E/e^ = 0.45, having been corrected so as to apply t o an 
i ron absorber. 
• Also displayed i n the same diagram i s the energy d i s t r i b u t i o n 
predicted by Richards et a l (1948), nonnalised at the point 
E/e^ = 0.5. This has been derived using precise expressions f o r 
the p robab i l i t i e s of Compton e f f e c t , radia t ion and pai r production. 
The production of secondary electrons by c o l l i s i o n processes was 
also considered. The assumption was made i n the computation that 
the equation representing loss and gain of par t ic les by radia t ion 
can be described by a continuous energy loss; t h i s procedure i s 
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v a l i d f o r electron energies E « E^, where E^ i s the primary 
energy. 
The energy d i s t r i b u t i o n of electrons at the maximum of a 2 
GeV cascade as determined by Crawford et a l is displayed i n 
f i g u r e 5.6, and i s normalised to Ivanenko et a l at E/e^ = 0.5. 
Both Crawford et a l and Richards et a l predict fewer electrons 
of a given energy than does the (E + e^)"^ va r i a t i on , ^ i c h i s 
i n agreement w i t h the experimental data of Kassar et a l . The 
data of Crawford et a l f o r the energy d i s t r i b u t i o n of electrons 
i n 1 GeV and 2 GeV cascades i n copper is best f i t t e d by 
N(>E) = N(>0) / ( 1 + E/e^)P wi th p = I.5S - 0.2. 
This expression has been used to detemine the t o t a l number of 
electrons i n a 2 GeV cascade as predicted by Crawford et a l , and 
t h i s i s displayed i n f i gu re 5»l-» There i s a considerable 
discrepancy between Crawford et a l and Ivanenko et a l with regard 
t o the absolute number of electrons. 
5.6. Photon contr ibut ion to a burst 
A simple model has been adopted. Ivanenko et a l do not 
evaluate photon cascade curves f o r e i ther primaiy photons or 
electrons. Hence, photon curves have been interpolated from 
Approximation A, and these are shown i n f igures . 5.2 and 5»3» f o r 
primary electrons and photons respectively. 
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Bursts are composed of both photons and electrons. A 
s c i n t i l l a t o r measures the t o t a l track length of ionis ing par t ic les 
i n the phosphor, so that the burst size as recorded by the 
counter w i l l comprise the track length of electrons entering 
the phosphor from the i r o n , together wi th a contr ibut ion from 
electrons produced by photon interact ions i n the phosphor. There 
are two important processes by which photons interact to produce 
electrons^ 
l ) Pair production 
The d i f f e r e n t i a l p robab i l i t i e s per radia t ion length f o r 
pa i r production given by Rossi (1952) are: 
f o r m c^ « E « 137 m c^ z"^ e e 
(E) = 0 i n ^ - / ^ (183 Z-*) 
m c^ 
and f o r E » 137 m c Z ^ 
e 
^ ( E ) = I - 1/(^(54 m (183 z - ^ ) ) 
The expressions have been interpolated i n the intermediate energy-
region. 
2) Compton scat ter ing 
[Hie p r o b a b i l i t y f o r a photon of energy E traversing a thickness 
dx gm.cm to undergo a Compton c o l l i s i o n i n idiich the scattered 
photon has an energy between E ' and ( E ' + dE') i s given by Rossi 
(1952) as: 
f o r E » m„c^ and ^ m^c^ < E ' < E 
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* (E,E')dE' d x = 0.15 ^ r a / ^ i - | l + 1?) ^ dx 
The t o t a l track length of electrons produced i n the phosphor 
by photons has been evaluated.using the above cross-sections, and 
assuming the energr spectrum of photons to be the same as that 
of electrons. The contr ibut ion by photons to a given bvirst size 
i s 24^ 
At high electron and photon energies the r a t i o of photons to 
electrons i n a burst i s 9/7^ hut a t largor erergies photons 
become more abundant due to the reduced photon absorption 
c o e f f i c i e n t . The t o t a l track length d i s t r i b u t i o n of photons i n 
i r o n has been interpolated from the data evaluated f o r a i r and 
lead by Richards et a l , and using these f igures the contr ibut ion 
by photons to a given burst size i s 37^ Ihe difference 
p r i n c i p a l l y arises from the increased f lx ix of low energy photons 
undergoing Compton scat ter ing. However, any underestimation to 
the contr ibut ion by the adoption of the simple approach w i l l 
apply to a l l burst sizes, and so w i l l a f f e c t only the absolute 
magnitude of the predicted burst spectrum and not i t s shape. 
5.7. Conclusions 
The theory of Ivanenko et a l i s , i n general, i n good 
agreement with the available experimental measurements f o r i ron . 
The energy spectrum of electrons i n a cascade i s best described 
by the expression 
N(>E) = N(>0) / (1 + E/e^f 
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where i s the c r i t i c a l energy of the absorber, and S the age 
parameter. 
5.8. Fluctuations 
5»8.1. Distributions 
So f a r only the average behaviovir of cascade showers has been 
considered. I t is a much more complicated problem to compute the 
d i s t r i b u t i o n function giving the pr o b a b i l i t y of obtaining more 
than N part i c l e s at a depth t , taking into account the fluctuation 
problem, due to the d i f f i c u l t y i n solving the i n s u l t i n g complex 
i n t e g r o - d i f f e r e n t i a l equations. Hence attempts have been made to 
derive t h i s d i s t r i b u t i o n function fron general considerations or 
from si m p l i f i e d models. 
The Poisson d i s t r i b u t i o n was the f i r s t t o be t r i e d , on the 
basis of genetic independence of the shower particles. This 
assumption depends on the number being large far i t s v a l i d i t y . 
However, the Poisson foimula underestimates the effect of fluctua-
tions due to the genetic dependence of the particles - any deviation 
from the average behaviour occiirring early i n the development of 
the cascade r e f l e c t s at greater depths. 
A more promising approach was made by Furry (1931) '^ Aio obtained 
a d i s t r i b u t i o n as a solution of a d i f f e r e n t i a l equation based on 
the actual mechanism of the shower. However, ionisation losses 
were ignored i n the derivation of the d i s t r i b u t i o n , axid electrons 
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and. photons vrere treated as iden t i c a l p a r t i c l e s . In a cascade 
the effect of ionisation losses becomes important at large depths, 
so that the Furry d i s t r i b u t i o n m i ^ t be expected to apply over the 
f i r s t few cascade lengths. 
The experimental mean square deviation from the average i s 
too large to f i t a Poisson d i s t r i b u t i o n and too small to f i t a 
Furry d i s t r i b u t i o n , so i t would appear that a di s t r i b u t i o n whose 
mean square deviation l i e s between these two extremes would be 
appropriate. Hie Polya' i s such a d i s t r i b u t i o n . I t s shape depends 
on a parameter b, and i t reduces t o the Poisson and Furiy l i m i t s 
when b = 0 and 1 respectively. Ihe p r o b a b i l i t y P(N,W) of 
obtaining a number N i f the mean i s according to the Polya' 
d i s t r i b u t i o n , i s given by: 
P(N,N) = |, (1 X (1 + b).... ( l + ( N - l ) b ) ) ( l * l ) - V b 
-i-ftr 
whe3re 0 < b < 1. The d i s t r i b u t i o n f o r various values of b 'is ^own 
i i i figure 5*7 f o r N = 20. Ihe Poisson d i s t r i b u t i o n i s f a i r l y 
symmetrical about the mean value, but f o r values of b > 0, the 
dis t r i b u t i o n s become skew towards smaller values of N. 
5.8.2 Effect on a-spectrum 
Hie theory of cosmic ray bursts played an important part i n 
the determiJiation of the spin of the muon. Christy et a l . ( l 9 ^ l ) 
found the theo r e t i c a l size-frequency distributions of large 
biirsts produced by bremsstrahlung of h i g i energy muons were 
10 20 30 
number of events. ( N ) 
Figure 5.7'.: Polya d i s t r i b u t i o n for, various values of b. The mean 
• number i s N=20. 
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sensitive to the muon spin. From a comparison of t h e i r theoretical 
burst spectra with experimental measurements, they concluded that 
muons were Dirac p a r t i c l e s of spin Mitra (I957) has applied 
f l u c t u a t i o n d i s t r i b u t i o n s t o the theoretical spectra of Christy 
et a l to show that fluctuations have a considerable effect on 
burst size. He concludes that the effect of fluctuations would 
be to obscure any conclusion that might be made about the muon 
spin. I n p a r t i c u l a r , Mitra compares h i s results with the 
'experimental measurements, and concludes iiie best value of b i n 
the Polya' d i s t r i b u t i o n . i s 0.87, indicating a d i s t r i b u t i o n very 
close to that of Furry. 
I t i s important t o know the effect of fluctuations on the 
theore t i c a l btirst spectra i n and S^ , derived from 'average' 
cascade theory. Hence, fluctixation corrections have been applied 
to the predicted spectrm of bursts according to the two 
extreme cases - Poisson and Furry. The Poisson d i s t r i b u t i o n 
a l t e r s the curve l i t t l e , but the effect of the l a t t e r d i s t r i b u t i o n 
i s t o change the absolute rate at any given burst size. Ho-wever, 
the exponent of the new spectrum i s essentially unaltered, over 
the range of burst sizes relevant to the Duiham burst experiments. 
5.8.5» Experimental data 
Takbaev et a l . (1965) have examined the d i s t r i b u t i o n of 
charged particles, i n cascades produced i n iron by means of an 
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ionisation calorimeter (§ 5.5«2). The experimental distributions 
were measured as a function of depth i n the absorber, and the 
following conclusions were drawni 
1. At small thicknesses ( t < 2 radn. lengths) the d i s t r i b u t i o n 
approximates to Furry. 
2. At large thicknesses ( t > I 7 ) t t e d i s t r i b u t i o n approximates 
to Poisson. 
3. Wear shower maximum (8 <t < l l ) the d i s t r i b u t i o n is Noimal. 
Ihe above results refer to showers of erergy ~ 100 GeV. 
The data of Crawford et a l . (I965) also ±iows the same form 
as obsejrved by Ikkbaev et a l , being a minimum at shower maximum 
and becoming larger f o r small and large depths i n the shower. 
Both these results are i n agreement with the calculations of 
Gerasimova (1965). Near the beginning of the shower, there are 
a few highly energetic p a r t i c l e s , so that fluctuations are 
sig n i f i c a n t f o r the dervelopnent of the shower. Ihese fluctua-
t i o n s , p a r t i c u l a r l y f o r photon induced showers, are close to 
Furry. Near shower maximum, the fluctuations are smaller due 
t o the larger number of part i c l e s present. 
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CHAPTER 6 
ANALYSIS OF BESULTS 
6.1. Introduction 
The procedure adopted to interpret the measured bursts has 
been to predict burst spectra f o r and assuming tte v a l i d i t y 
of Q.E.D. Comparison between the measured and predicted spectra 
then indicates the accuracy of the cross-sections. The predomin-
ant process contributing to small bursts i s that of knock-on 
electron production, idiereas large bursts arise mainly t h r o u ^ 
bremsstrahlung. Hence, any discrepancy would r e f l e c t on either 
of these two processes. 
6.2. Experimental analysis 
Bursts produced i n the apparatus (figure 2,i) are detected 
by a pulse from the geiger tray (figure 2 . l ) , a large pulse 
from either or S^ , and no pulse from s'. When the selection 
c r i t e r i a were s a t i s f i e d , the size of the s c i n t i l l a t o r pulse was 
recorded photographically on an oscilloscope, and the flash tube 
trays photographed by a second camera. For a discriminator 
setting of > 100 p a r t i c l e s i n ei t i i e r or S^ , the r a t i o of 
useful events t o the t o t a l number of exposures was l:k* 
For each burst the projected zenith angle of the muon was 
deteimined f r a n the flashes i n A and B, and the burst size i n 
either or (defined as the recorded pulse height divided by 
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the mean pulse height produced by a single r e l a t i v i s t i c muon 
traversing the counter at normal incidence t o i t s largest face). 
• Also .recorded f o r each event were the mean numbers of flashes, 
N^, N^ and i n the flash tube trays C, D and E respectively. 
Figure 6j.;; shows t y p i c a l bursts produced by an energy transfer 
i n F^. I n both cases the muon penetrates F^ and i s recorded by 
tray E. Interactions occurring i n F^ are displayed i n f igure 6.2,. 
The muon track i s clearly v i s i b l e i n trajfs A, B, C and D, together 
with a burst i n E. Double bursts probably produced by the cascade 
from a large energy transfer i n F^ penetrating the second absorber 
are displayed i n figure 6.3» I n both cases the burst size i n 
was not recorded. A double burst event, probably caused by two 
independent muon jjiteractions, one i n F^ and the second in F^, 
i s shown i n f i g i i r e 6.4a. The p o s s i b i l i t y of employing events of 
t h i s nature t o deteimine the h i ^ energy muon spectrum (E^i > 5OO GeV) 
i s discussed i n Chapter 7. Figure 6. i|b i s probably a nuclear 
interaction of a muon, the transverse momenta of "the produced 
pions accoiinting f o r the double core nature. However, the low 
number of flashes i n tray E i s not t y p i c a l of a pion cascade. The 
f i d u c i a l s and clock have been omitted from a l l these photographs 
f o r the sake of c l a r i i y . 
6.3. Oheoretical burst spectra 
6.3.1 Incident muon spectrum 
Functions f o r the d i f f e r e n t i a l aperture of a detector of 
b. 
Figure 6.1. Typical bursts i n S^ . 
a. e=73°. Ng=56 particles. 
b. 0=78.5°. N =16 particles. 
s 
a. 
b; 
Figure 6.2. Typical bursts i n S^ , 
a. 
b. 
0=70.5 . 
8=73°. 
N^>280 particles. 
N = 26 particles. 
s 
a-. 
Figure 6.3. Double bursts, 
a. 6=88°. 
b. 9=77 . 
N„.=510 particles. 
N-.= 44 particles. 
o1 
NA- not recorded. 
o2 
b; 
Figure 6.4. Unusual events. 
a. Double interaction 
b. 
one i n and a second i n F^ . 
N„.=38 par t i c l e s ; N not recorded. 
Double core event - probably a nuclear interaction 
of a muon. 
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rectangular dimensions X, Y and Z have been calculated by Osborne 
(1966) f o r muons incident on the XT face : 
f o r I > e > cot"^ (Y/(X^ + Z^)^ ) 
^=2 (siQ^e[Y(X^+Z^)^ - YZ] - sine coselXZtan"-*- | - Z^ln 
de . - • o o 1 
((x2+z2)Vz)] ) 
and f o r cot"-*- (y/(X^ + Z^)^) > e > tan""^ | 
dJ2 ? 7^ P — 
= 2 sin e (XY (si n e - cos 6 )^ - YZ sinG + cos 6 
[ Z ^ ( l - l i i | ) - XZ cos"\| cot e) 
- Z^ I n cot e ] . 
•The muon spectnjm summarised i n Table 3*1 has been used i n 
conjunction with the above acceptance functions to derive the 
spectrum of muons traversing the array. Ihe axis of the apparatus 
was orientated at an angle 8° east of magnetic north, and only 
pa r t i c l e s incident fran the north were accepted, due to a h i l l on 
the south side of the laboratory attenuating the muon f l u x from 
t h i s direction. Corrections to the d i f f e r e n t i a l aperture f o r dead 
space between the geiger counters i n have been included. 
Considering alone, muons of energy < 100 GeV come predominantly 
o o 
from the zenith angle range 50 -77«5 , vAiereas larger energy muons 
mainly ar r i v e at larger zenith angles. Ihe median zenith angle 
increases from 9 = 66.5° f o r muons of energy 10 GeV to 6 = 8l° f o r 
muons of energy 1000 GeV. For muons traversing the values of 
the median zenith angles are larger than thosefor S^ , due to the 
cut-off being 63° instead of 50° as in S^ . 
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6.3»2 Electromagnetic cascades 
The three electromagnetic processes by -vAiich a muon can lose 
energy are bremsst2?ahlung, u-e c o l l i s i o n and direct pair produc-
t i o n , and these have been considered i n Chapter k. The spectra 
of energy transfers i n F^ and F^ were evaluated using the incident 
muon spectrum and the known cross-sections far the interaction 
processes. As no information about the azimuth of the incident 
muon i s available from the experiment, muons were assumed to be 
incident at the mean azimuth of the apparatus and corrections 
were applied to the energy transfer spectra for the increase i n 
target thickness. 
The theory of Ivanenko et a l , which was shown i n Chapter 5 
to be i n good agreement with the available experimental evidence, 
has been adopted i n order t o derive a burst spectrum from the 
energy transfer spectrum. The energy spectrum of electrons i n 
a burst i s taken to be N(>E) OC ( i + E/e^)" . Integrating the 
energy d i s t r i b u t i o n of electrons over the thickness of the phosphor 
shows that the equivalent number of part i c l e s as measured by the 
s c i n t i l l a t o r i s represented by the nimiber of electrons i n a shower 
with energy > 15 MeV. Standard cascade cuives i n terms of the 
equivalent burst size are shown i n figure 6.5 for electron and 
photon i n i t i a t e d showers, and include a 24^ contribution by 
photons interacting i n the phosphor. 
6 8 10 
t (radiation lengths ) 
12 14 
Figure 6.5. Shower development curves f o r cascades i n i t i a t e d by 
primary electrons ( f u l l l ines) and primary photons 
(broken l i n e s ) of energy Bp. The burst size i s i n terms 
of equivalent numbers of particles, recorded by a. 
s c i n t i l l a t o r , and includes a 24^ contribution, from 
photon interactions i n the phosphor. 
03 O H O •H 
t 
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t 
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6 8 10 
t (radiation lengths) 
Figure 6.6, Cascade curves f o r nuclear interactions of muons. The' 
f u l l lines are calculated using the pion i n e l a s t i c i t i e s 
. of Brooke et a l (1964a). The broken lines are calculated 
assuming pion interactions to be 100% inelastic. The 
figures against each curve denote the cascade energy i n 
Gev. The curve K.KX-KHKXX is taken from the data of 
Denisov et a l (I965) and refers to an energy of 200Gev. 
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6.3«3» Pion cascades 
I t has been known since the work of George et a l . (1950) 
that there i s a sig n i f i c a n t cross-section for the inelastic 
c o l l i s i o n with a nucleus. The interaction i s regarded as being 
between a photon of the v i r t u a l photon cloud acccmpanying the 
muon, and the nucleus. The cross-section f o r the interaction i s 
then derived from a knowledge of the f l u x of v i r t u a l photons, and 
the measured cross-section f o r the interaction of real photons. 
Ihe p r o b a b i l i t y of a muon of t o t a l energy U transferring a 
fr a c t i o n between v and (v + dv) is given by 
*/'TT ^ N _ a „ dv ^ /IN <t'(U,v) = 7- • Z . - . . — I n (-) ^ ' ' A It hv V V 
•v*iere o^ _^  i s the photonuclear cross-section. 
When a nuclear interaction occurs, the resulting pions 
cascade i n the iron. Neutral pions decay rapidly into two 7s, 
which then give r i s e to an electromagnetic cascade. Charged pions 
penetrate the iron and interact again to produce further pions, 
both charged and neutral. Hence, the cascade i s a composite one, 
consisting of electron-photon showers originating at various 
depths i n the absorber from the decay of neutral pions, together 
with a f l u x of charged pions. Bie inel a s t i c cross-sections f o r 
it-p and p-p interactions have been given by Morrison (1963) as 
22 mb and 30 mb respectively. Hie resulting cross-sections f o r 
pion and proton interactions with an iron nucleus are 63I mb and 
715 mb respectively, so that the respective mean free paths for 
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pions and protons i n i r o n are 19.5 cms and 17 cms. 
I n the c a l c u l a t i o n s i t was assumed t h a t the t o t a l m u l t i p l i c i t y 
of pions produced i n 7-N- c o l l i s i o n s i s given by n = w i t h 
s 7 
i n GeV. E q u i p a r t i t i o n of energy among the produced pions i s 
assumed, and i n the subsequent pion cascade the i n e l a s t i c i t y of 
it-W c o l l i s i o n s has been taken from Brooke e t a l (l^Shc), A t o t a l 
m u l t i p l i c i t y of secondary pions, n = ^ w i t h E i n GeV has 
been used. 
Assume a 7-N i n t e r a c t i o n occurs a f t e r a muon has traversed 
a distance (X - x ) of the i r o n (thickness x ) , and 1st the pion 
i n t e r a c t i o n l e n g t h be A. Then a f r a c t i o n exp(-x/A) of the 
produced charged pions w i l l leave the i r o n without f u r t h e r 
i n t e r a c t i o n , and the remainder w i l l , on average, i n t e r a c t a f t e r 
t r a v e l l i n g a distance x given by 
X = A - X / (exp (^) - l ) . 
Pion cascades f o r various primary energies and d i f f e r e n t 
p o i n t s of o r i g i n have been f o l l o w e d through the i r o n . The c o n t r i -
b u t i o n t o the t o t a l by the electrcmagnetic cascade has been 
evaluated using t h e curves i n f i g u r e 6.5. I t was assimed t h a t 
charged pions w i t h e n e r ^ < 1 GeV lose a l l t h e i r energy by nuclear 
d i s i n t e g r a t i o n . The r e s u l t i n g cascade curves are shown i n f i g u r e 
6.6. Also displayed i n the same f i g u r e are the curves f o r a pion 
i n e l a s t i c i t y of 100^ The d i f f e r e n c e between the curves a t depths 
re l e v a n t t o the b u r s t expe riment i s small, i n d i c a t i n g a weak 
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dependence of the cascade development on t h i s parameter. 
Ihe c h a r a c t e r i s t i c f eatures of nuclear cascades produced i n 
i r o n by primary nucleons have been studied by Penisov e t a l . 
(1965) using Monte-Carlo methods. Bie r e s u l t s f o r a 200 GeV 
cascade, corrected so as t o take i n t o account t t e photon 
con t r i b u t i o n , - are shova i n f i g u r e 6.6, together w i t h the 
corresponding curve c a l c u l a t e d by the method described i n the 
previous paragraph. The agreement i s good f o r t > 7 r a d i a t i o n 
lengths, but over the f i r s t few r a d i a t i o n lengths there i s a 
discrepancy, being t y p i c a l l y ~ 17^ a t t = 4 r a d i a t i o n lengths. 
I t should be noted t h a t the r e s u l t s of Denisov e t a l assume a 
nucleon i n e l a s t i c i t y of 75^ 
6.5»^ Burst spectra 
The b u r s t spectrum produced by energy t r a n s f e r s occurring i n 
a t h i n l a y e r , dx, has been evaluated from the spectrum of erergy 
t r a n s f e r s and f r a n cascade theory, t a k i n g i n t o account the 
increased t r a c k l e n g t h of electrons i n the phosphor due t o the 
in c i d e n t muon a r r i v i n g a t angles other than normal incidence. 
lEhe t o t a l b u r s t spectrum was obtained by i n t e g r a t i n g over the 
whole thickness of the absorber, and may be represented by: 
b(>n) =Y f j ^ J ^ f " ^ ^ J V.^^n'^^^^^^^^^'^^^V®^ 
- 1 V . ° " ^ I N ^ I N - ^^^^^^ 
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between 
where <t>(E ,9) i s the number of muons w i t h energy/E and (E + dE ) 
de dE • , , 1^  i n the ze n i t h angle range 9 t o (9 + d9 
(JD^^(E^,E) i s the p r o b a b i l i t y of a muon of enagy E^ producing 
an energy t r a n s f e r E f o r each process ( p r . ) . 
l(>n,E,x) i s the p r o b a b i l i t y of there being more than n 
equivalent p a r t i c l e s a t a distance x from the p o s i t i o n 
of an energy t r a n s f e r E. 
Ej^^^ i s the minimum energy t r a n s f e r t o produce a bur s t 
size n. 
A(9(t>) i s the acceptance f u n c t i o n of the apparatus. 
The spectra o f b u r s t a r i s i n g from the d i f f e r e n t energy t r a n s f e r 
processes have been evaluated f o r and S^ , and are displayed 
i n f i g u r e s 6.7 and 6.8 r e s p e c t i v e l y . B;;irsts detected i n can 
be produced by energy t r a n s f e r s occurring i n e i t h e r F^ ^ or F^. 
However, they predominantly are the r e s u l t of i n t e r a c t i o n s t a k i n g 
place i n Fg, the c o n t r i b u t i o n from F^ being 5^ f o r b;irsts > 10 
p a r t i c l e s and 8.55^  f o r b u r s t s > 100 p a r t i c l e s . 
The r e l a t i v e c o n t r i b u t i o n of each process t o the t o t a l b u r s t 
spectrum can be seen i n f i g u r e s 6.7 and 6.8. |i-e c o l l i s i o n i s the 
dominant energy loss process f o r both and f o r b u r s t sizes 
less than ~ 30 p a r t i c l e s , b ut f o r l a r g e r b u r s t s , bremsstrahlung 
becomes the major process. The remaining processes do not co n t r i b u t e 
s i g n i f i c a n t l y t o the t o t a l . 
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Figure 6.7, The measured, burat spectrum i n and comparison with 
expectation. • , . 
1. |i-e c o l l i s i o n . 
2. bremsstrahlung. 
3. d i r e c t pair production g 2 
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Pigure 6.8. The measured burst spectnim i n S and comparison with 
expectation. 
1. n-e c o l l i s i o n . 
2. bremsstrahlung. 
3. dire&t p a i r production. _2g 2 
4. nuclear interaction (c, =constant= 2.6x10~ cm /nucleon). 
5. t o t a l . ^ ,j_ 
6; t o t a l i f o-, varies as E.s • h • • 
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I t was suggested by Matano e t a l . (1965) t h a t the photonuclear 
cross-section should depend on energy as E^, f o r E > 5 GeV. The 
expected spectra of bxarsts i n and have been cal c u l a t e d 
assuming 
a^^(E) = ( E / 5 F O^^b) f o r E > 5 GeV 
and ^ ^ ^ ( ^ ) = f or E < 5 GeV 
-28 2 
where ^^^(5) = 2.6 x lO" cm /nucleon, 
and are shown i n f i g u r e s 6.7 and 6.8 by the broken l i n e s . There 
i s a s i g n i f i c a n t c o n t r i b u t i o n t o the t o t a l spectrum, as i s 
in d i c a t e d by the d i f f e r e n c e between the new spectrum and the 
spectrum c a l c i i l a t e d on the basis of a constant photonuclear 
28 2 
cross-section (2.6 x 10 cm /nucleon). 
The p r o b a b i l i t y of a muon of energy E ^  producing: a burst 
s i z e between n and (n + dn) i s a composite f u n c t i o n of the muon 
spectrum. I n t e r a c t i o n cross-sections and cascade theory. D i s t r i b u -
t i o n s of muon energies producing b\irsts i n the range 13.2-26.4 
p a r t i c l e s have been evaluated f o r S^ , and are shown i n f i g u r e 6.9. 
S i m i l a r d i s t r i b u t i o n s f o r b u r s t s of size 132 - 264 p a r t i c l e s are 
displayed i n fiigure 6.10. The mean median muon energies g i v i n g r i s e 
t o the p a r t i c u l a r b u r s t s i z e by the d i f f e r e n t i n t e r a c t i o n processes 
are i n d i c a t e d , as are the r e l a t i v e c o n t r i b u t i o n s of each process 
t o the t o t a l b u r s t spectrum. 
Small b u r s t s a r i s e p r i n c i p a l l y f r a n low energy t r a n s f e r s 
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o c c u r r i n g w i t h i n a few r a d i a t i o n lengths of the s c i n t i l l a t o r , 
whereas l a r g e r b u r s t s are produced by l a r g e r energy t r a n s f e r s 
t a k i n g place f u r t h e r from the s c i n t i l l a t o r . The depth d i s t r i b u -
t i o n s f o r t h r e e b u r s t sizes ranges are shown i n f i g u r e 6.11. 
The mean depth from the s c i n t i l l a t o r increases from. 5*4 r a d i a t i o n 
lengths f o r b u r s t s of size 13»2 - 26.4 t o a value of 9.9 r a d i a t i o n 
lengths f o r b u r s t s of size 1520 - 2643. 
D i s t r i b u t i o n s of the age o f a cascade g i v i n g r i s e t o various 
b u r s t sizes i n S^ are shown i n f i g u r e 6.12. The m a j o r i t y of 
bur s t s measured i n the s c i n t i l l a t o r are near shower maximum. As 
the b u r s t size increases the width of the age d i s t r i b u t i o n g i v i n g 
r i s e t o the p a r t i c u l a r b u r s t decreases, on account of the f i n i t e 
thickness o f the absorber. 
6.4. Experimental data 
6.4.1 Spectra of bu r s t s 
The r e s u l t s of the A s e r i e s , i n which 177 bursts were observed 
i n a t o t a l u s e f u l running time of 489 hours, have been presented 
by Ashton e t a l . (1965b). During t h i s s e r i e s , only S^ was 
ope r a t i o n a l . A f u r t h e r u s e f u l running time of 1442 hours -was 
obtained i n the B s e r i e s , during which another I I50 bursts were 
analysed, 852 occurring i n S^ and 298 i n S^ . The two series were 
mutually consistent. 
The t o t a l measured spectra of bu r s t s i n and eire compared 
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w i t h p r e d i c t i o n i n f i g u r e s 6.7 and 6.8 r e s p e c t i v e l y . Both 
t h e o r e t i c a l curves have been normalised t o the measured po i n t s 
by a f a c t o r of I . I 8 , vhich was derived from a w e i ^ t e d comparison 
w i t h p r e d i c t i o n o f tl i e t o t a l number of bur s t s observed i n the 
running time. Hie bu r s t s i n are i n good agreement w i t h 
expectation, assuming a constant value of the photonuclear cross-
s e c t i o n , and there appears t o be no evidence f o r o^^ increasing as 
E^. However, as bremsstrahlung i s so dominant, the bur s t spectrum 
i s not p a r t i c u l a r l y s e n s i t i v e t o the nuclear i n t e r a c t i o n c o n t r i b u -
t i o n . The bu r s t s i n are i n agreement w i t h theory f o r b u r s t 
sizes <100 p a r t i c l e s , but there i s a discrepancy between measure-
ment and p r e d i c t i o n a t l a r g e r b u r s t sizes. This r e s u l t i s not 
considered s i g n i f i c a n t due t o the l i m i t e d s t a t i s t i c a l accuracy 
of these l a t t e r measurements, e s p e c i a l l y i n view of the agreement 
found i n S^ . A l l the data f o r and have been groiiped together 
and are shown i n f i g u r e 6.13 together w i t h the spectra p r e d i c t e d with 
^ h r w i t h 0 ^ increasing as E^, f o r E > 5 GeV. There 
i s an i n d i c a t i o n of a b e t t e r f i t t o the spectrum c a l c u l a t e d 
assuming an incre a s i n g photonucl^ar cross-section f o r bursts ~ 
300 p a r t i c l e s . However, t h i s d e v i a t i o n i s the r e s u l t of the d i s -
crepancy observed i n the spectrum a t the same bu r s t size. The 
c o n t r i b u t i o n t o the t o t a l s j e c t r m by protons i s small, amounting 
t o 0.35^ f o r a b u r s t size o f 10 p a r t i c l e s and decreasing t o 0.08^ 
a t 100 p a r t i c l e s . A l so displayed i n f i g u r e 6*13 -^^ e the mean 
and median muon energies and energy t r a n s f e r s f o r a p a r t i c u l a r 
b u r s t s i z e . 
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6.4.2 Angular d i s t r i b u t i o n s 
Histograms of the p r o j e c t e d z e n i t h angle of muons producing 
b u r s t s i n a r e shown i n f i g u r e 6.l4, f o r bxirsts i n the size 
ranges 12-20 and 100-200. The s t a t i s t i c a l accuracy of the 
events i n each c e l l i s i n d i c a t e d by the e r r o r f l a g . Also shown 
are the p r e d i c t e d d i s t r i b u t i o n s , which are i n f a i r agreement w i t i i 
the measured d i s t r i b u t i o n s . There i s no i n d i c a t i o n of any 
s i g n i f i c a n t c o n t r i b u t i o n from protons, which i s i n agreement w i t h 
p r e d i c t i o n . The angular d i s t r i b u t i o n s f o r are displayed i n 
f i g u r e 6.15. Again, there i s f a i r l y good agreemait between the 
measiu-ed and p r e d i c t e d d i s t r i b u t i o n s , considering the l i m i t e d 
s t a t i s t i c a l accuracy of the bu r s t s . These r e s u l t s i n d i c a t e 
t h a t the p a r t i c l e s producing the bursts are i n f a c t muons, as 
expected, 
6.4.5 L a t e r a l spread of bur s t s 
One dimensional cascade theory assumes t h a t a l l p a r t i c l e s 
r e t a i n the d i r e c t i o n o f the shower a x i s , and neglects any 
angular d e v i a t i o n of the electr o n s . I n p r a c t i c e t h i s i s not 
v a l i d . The l a t e r a l spread of b u r s t s , i l l u s t r a t e d by C and D 
f l a s h tube t r a y s i n f i g u r e 2,,1, i s p r i n c i p a l l y due t o m u l t i p l e 
Coulomb s c a t t e r i n g . 
I n f i g u r e 6.16 the mean number(W^^) o f flashes i n t r a y s C and 
D has been p l o t t e d as a f u n c t i o n of b u r s t size i n as a 'dot' 
d i s t r i b u t i o n , and the f u l l l i n e represents the best f i t to the 
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points. The spread i n for a given burst size i s mainly due 
to the age variation. Young bursts produced by energy transfers 
occurring near the s c i n t i l l a t o r should be well collimated, whereas 
the effects of Coulomb scattering w i l l be more pronounced on 
bursts reaching the s c i n t i l l a t o r a f t e r shower maximum, due to the 
lower mean p a r t i c l e energy. The mean number of flashes (R^) in 
tray C.has been plotted against the mean number (N^) in D in 
figure 6.17. The f u l l l i n e i s the best f i t to the points, and 
i s represented by = 1.19 N^, showing that the electrons 'fan 
out' while traversing tlie s c i n t i l l a t o r . However, the effect i s 
not as large as would be expected from geometrical considerations, 
which indicates absorption of the low energy electrons most distant 
from the shower a x i s . 
6.5 Conclusions 
The spectra of bursts measured in and are in agreemait 
with the spectra predicted on the basis of Q.E.D. This result 
indicates the v a l i d i t y of the theoretical cross-sections for 
p. - e c o l l i s i o n and bremsstrahlimg for erergy transfers ^  10 GeV 
and < 200 GeV respectively. The agreement between the measured 
and predicted angular distributions shows that muons are the 
parents of the bursts. 
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CHAP[EER 7 
FEASIBILITY OF MEASURING THE HIGH EUEBGY MUON SEBCTRUM 
7«1« Introduction 
The momentum spectrum of muons incident at large zenith angles 
has been measured for momenta < 2000 GeV/c using magnetic spectro-
graphs, and Borog et a l . (I965) have estimated the spectnmi in 
the region 30O - '^000 GeV/c from burst measurements i n an ionisation 
calorimeter. Both approaches are discussed in Chapter 5» However, 
these techniques are limited at higher muon momenta. Although 
magnetic spectrographs measure every p a r t i c l e traversing the 
apparatus, the number of highiienergy muons accepted i s small due 
to the small apertures of present spectrographs. In calorimeter 
experiments the aperture can be made large, so that the flux of 
high energy muons i s large ccmpared with that of spectrographs. 
However, only a certain fraction of muons w i l l undergo an electro-
magnetic interaction in the calorimeter. Hence the burst experiments 
are limited by the cross-sections for interaction. 
I t was pointed out by Alexeyev et a l . (1959) that the effective 
cross-section for direct p a i r production increases rapidly with 
primary energy, and becomes the dcminant process for large energy 
muons (> 1000 GeV) producing low energy transfers (~ few GeV). 
This process offers a possible means of recording every; high energy 
muon with a large area multi-layer system of detectors. 
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7»2 Theoretical considerations 
The f e a s i b i l i t y of using the Durham horizontal burst apparatus 
to measure the high energy spectrum w i l l be discussed f i r s t . The 
selection c r i t e r i a of the array used i n t h i s mode of operation would 
be a single pxxlse from and two simultaneous ptilses frcm and 
Sg, together with no pulse frcm S', There are two types of process 
which can give r i s e to a double burst event, i.e. a burst in 
together with one in S^. 
In double energy transfer events two independent energy trans-
f e r s take place, one i n giving 'Pise to a small burst i n S^, and 
a second in producing a burst in Direct pair production 
and n - e c o l l i s i o n are the processes which pri n c i p a l l y contribute 
to these events. Theoretical biirst spectra have been derived 
using the M.U.T. cross-sections for pair production and the 
Bhabba expression for the M - e c o l l i s i o n cross-section given i n 
Chapter 4^-. The burst spectrum in has been derived on the basis 
of a burst i n of size Kg^ > 3 p a r t i c l e s , and i s shown in figure 
7.1 for the two cases of En > 5OO GeV and % < 5OO GeV. In the 
former case pair production i s the major contributor, whereas 
H - e c o l l i s i o n plays an increasing role a t lower muon energies. 
A double burst can also a r i s e frcm a large energy transfer 
taking place i n F^, and seme of the resulting cascade surviving to 
reach S^. These large transfers come mainly from bremsstrahlung, 
for which the double spectrum has been evaluated and i s shown in 
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figure 7 . 1 . Also displayed i n the same figure are the experimental 
data available frcm the single burst runs, i n -which bursts were 
selected by a large pulse frcm either or S^. These events 
were selected on the basis of a large pulse in S^, together 
with the mean number of flashes i n being Ng ^  5 pulse was 
too small to be recorded). The agreement between prediction and 
the experimental r e s u l t s i s good, considering the limited s t a t i s -
t i c a l accuracy of the measurements. 
A nuclear interaction of a muon occurring in also gives 
r i s e to a double burst, due to the resulting pion cascade. Hie 
expected double b-urst spectrum has been evaluated, and i s shown 
i n figure 7 . 1 . No account of the pion transverse momentum has 
been taken i n these calculations. 
7.5. Possible experimental arrangements 
Over the burst size range Ng^= 5 - 1 0 p a r t i c l e s the dominant 
contribution comes from double energy transfers (figure 7«l)« 
Due to the r e l a t i v e abundance of muons with energy < 5OO GeV, 
the contribution to the t o t a l double burst spectrum of muons in 
t h i s energy range i s similar to that of muons with E|i > 5OO GeV. 
For 5 - 1 0 and Wg^  '* 5 the rate of doubles i s ~ lO/day from 
5^ 1 < 500 GeV and En > 5OO GeV, i.e. a t o t a l of ~ 20/day. The intro-
duction of a t h i r d absorber and s c i n t i l l a t o r would reduce the 
spectrum of double bursts produced by muons with E^ < 5OO GeV, 
but with the present apparat-us the extra length of arm would 
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reduce the effective aperture. 
A better experimental apparatus would be a multi-layer detector 
of large aperture, with s u f f i c i e n t layers to reduce the multiple 
bursts produced by muons with Efx < 5OO GeV to a l e v e l i ^ i c h i s 
negligible i n comparison with the rate of multiple bursts produced 
by higher energy muons, but with large enough aperture so as to 
obtain an appreciable flux of high energy muons traversing the 
apparatus. A possible experimental arrangement i s shovn i n figure 
7.2. The apparatus e s s e n t i a l l y consists of four interaction blocks, 
each composed of an iron absorber (10 radiation lengths) together with 
a p l a s t i c s c i n t i l l a t i o n counter and one tray of flash tubes contain-
ing 2 layers of tubes. A f i f t h s c i n t i l l a t o r (S) i s used i n the 
selection system. A tray of fl a s h tubes (8 layers) i s s i t m t e d i n 
front of S, and i s used to select events produced by single p a r t i c l e s 
incident on the array. The anti-coincidence s c i n t i l l a t o r (S') i s 
in the selection system to reduce the number of extensive a i r 
showers triggering the array. The selection c r i t e r i o n i s : 
s. ( > i ) (>5) (>3) (>5) (>3) sl>i). 
2 
With s c i n t i l l a t i o n counters of area 75 x ikO cm the rate of 
muons with En > 1000 GeV i s ~ 18/day. Approximate rates of multiple 
bursts with > 5 p a r t i c l e s i n each block are: 
Eii(>1000) : 1.9 day'-"- ; En(500-1000) : 5 0 x lO'-^ day'-"" ; 
En(<500) : 1.5 X lO'-'-day"-'-. 
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The values of E^ correspond t o the energy range of muons producing 
the m u l t i p l e b u r s t s . With t h i s arrangement, ~ 10^ of muons w i t h 
E^ > 1000 GeV are detected. These rates correspond t o muons i n c i d e n t 
from only one d i r e c t i o n , and so could be increased by a f a c t o r o f 
2 by; accepting bvirsts produced by muons t r a v e r s i n g the apparatus 
i n both d i r e c t i o n s . The thickness of absorber i n each block has 
been selected t o be 10 r a d i a t i o n lengths t o reduce the e f f e c t of 
a t r a n s f e r o c c u r r i n g near the end of one t a r g e t , say F^, and seme 
of the cascade s u r v i v i n g t o s a t i s f y the s e l e c t i o n c r i t e r i o n of S^ . 
During the i n i t i a l stages of development the apparatus would 
be operated w i t h both s c i n t i l l a t o r s and f l a s h tubes, the l a t t e r 
being used t o v i s u a l l y s e l e c t events produced by single muons. 
The pulse heights from the f i v e s c i n t i l l a t o r s (S,S^ ^ ) would be 
recorded on punched tape, and only those events analysed which 
correspond t o a s i n g l e t r a c k . There would be no ambiguity on 
account of events produced by bremsstrahlung or nuclear i n t e r a c t i o n 
of muons. Both would be d i s t i n g u i s h a b l e because of the large pulse 
h e i g h t s , which would correspond t o f o u r sampling l e v e l s on the 
cascade curve. I n the case of f o u r independentuenergy t r a n s f e r s 
there should be no c o r r e l a t i o n between pulse heights. Also, i n 
a t r u e event, each s c i n t i l l a t o r should register ~ 5-10 p a r t i c l e s , 
so t h a t upper l e v e l d i s c r i m i n a t o r s could be incorporated i n the 
s e l e c t i o n system t o cut out bremsstrahlung and nuclear i n t e r a c t i o n 
events. I f i t was found t h a t events could be selected without 
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the v i s u a l technique, then the apparatus could be f u l l y automated. 
7.km Previous Experiments 
A spark calorimeter, c o n s i s t i n g of 5 layers of spark chambers 
separated w i t h l e a d f i l t e r s I5 cms. t h i c k , has been operated by 
B i b i l a s h v i l i e t a l . (I965) a t a depth of 200 m.w.e. imdergroimd. 
2 
The t o t a l s e n s i t i v e area vas 60 x 50 m . High energy muons passing 
through the calorimeter generated e l e c t r o n - p o s i t r o n p a i r s i n the 
f i l t e r s , and the r e s u l t i n g cascades are detected by the spark 
chambers. A spectrum of bu r s t s was measured, and i t -was estimated 
t h a t the i n t e r a c t i o n s were produced by muons with energy i n the 
range 100 - 1000 GeVj?'. Ho-wever, no attempt was made t o derive the 
spectrum expected frcm the known cross-sections f o r the i n t e r a c t i o n s 
producing b u r s t s . 
7.5* Conclusions 
I t would seem f e a s i b l e t o measure the h i g h energy muon spectnmi 
a t l a r g e z e n i t h angles using the technique of m u l t i p l e b u r s t s . 
With the present Duriiam apparatus, i t would be d i f f i c u l t on account 
of the contamination from muons w i t h energy <500 GeV, b u t t h i s 
can be overcome by b u i l d i n g a m u l t i - l a y e r detector. 
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CHAPTER 8 
IHE VERTICAL BURST EXPERIMEIW 
8.1. I n t r o d u c t i o n 
Nuclear i n t e r a c t i o n s of high energy cosmic ray protons, neutrons 
and pions i n c i d e n t a t small z e n i t h angles (<50°) have been studied. 
The apparatus i s very simple. I t e s s e n t i a l l y consists of an i r o n 
t a r g e t (F), 20 cms t h i c k , beneath -which i s a l i q u i d p a r a f f i n 
s c i n t i l l a t i o n co^unter (S), of area 1.2 m and of the type described 
i n Appendix A. A scale diagram i s sho-wn. i n f i g u r e 8.1. The i r o n 
presents, a t a r g e t of thickness l . l 8 i n t e r a c t i o n lengths t o protons, 
so t h a t the p r o b a b i l i t y of an i n c i d e n t p r o t o n i n t e r a c t i n g i n the i r o n 
i s 69^« The energy t r a n s f e r r e d t o secondary p a r t i c l e s as a r e s u l t 
of t h e i n t e r a c t i o n i s detected by the s c i n t i l l a t i o n counter i n the 
form of a b u r s t . Pions are predominantly produced i n a nuclear 
i n t e r a c t i o n . N e u t r a l pions decay rapidly i n t o two /-rays, which 
i n i t i a t e an electromagnetic cascade. The charged pions produced i n 
the i n i t i a l i n t e r a c t i o n i n t e r a c t deeper i n the i r o n t o produce 
f u r t h e r charged and n e u t r a l pions. Hence, emerging f r o n the iron 
w i l l be a b u r s t ccsupring e l e c t r o n s , photons and pions. Bursts are 
a l s o produced by electranagnetic i n t e r a c t i o n s of muons. 
Two t r a y s of neon f l a s h tubes, A and B, each containing two 
l a y e r s of f l a s h tubes on e i t h e r side of a c e n t r a l electrode, are 
mounted above the i r o n , and are used t o determine the p r o j e c t e d z e n i t h 
angle of the p a r t i c l e producing the b u r s t . Two other t r a y s , C and D 
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a r e mo-unted on ei-ther side of the s c i n t i l l a t o r so as t o give v i s u a l 
i n f o r m a t i o n about the b u r s t . C and D eacii contain t-wo l a y e r s of 
f l a s h t-ubes. 
8.2. C a l i b r a t i o n 
A block diagram of the e l e c t r o n i c s i s shown i n f i g u r e 8.2. 
Pulses from the two p h o t c m u l t i p l i e r s are added, and the r e s u l t i n g 
pulse i s fanned out a f t e r being a m p l i f i e d . The pulse on one channel 
of the fan-out i s displayed on an oscilloscope, w h i l s t -the second 
pulse i s f e d i n t o a d i s c r i m i n a t o r . Events are selected by demanding 
a pulse l a r g e r than a predetermined l e v e l a t the input t o the 
d i s c r i m i n a t o r . When t h i s s e l e c t i o n c r i t e r i o n i s s a t i s f i e d the 
oscilloscope i s t r i g g e r e d , and the pulse recorded on f i l m . A 
second camera i s used t o photograph the f l a s h tube t r a y s . 
The p h o t o m u l t i p l i e r s and e l e c t r o n i c s -were as used i n s c i n t i l l a t o r 
i n the h o r i z o n t a l b u r s t experiment. Hie matching of the E.H.T's. 
on the two p h o t o m u l t i p l i e r s was checked using the l i g h t f l a s h e r , 
and -was found t o be consistent w i t h the previous c a l i b r a t i o n . I n 
order t o extend the range of sizes over which bursts co-uld be 
accepted, the E.H.T. on the phot ( m u l t i p l i e r s was reduced t o : 
A : 1.2 kv ; C : 1.1 kv. 
P P 
The size o f a b u r s t i s defined as the ratio o f the measured 
pulse height t o the pulse height produced by a si n g l e i o n i s i n g 
p a r t i c l e t r a v e r s i n g the counter a t noniial incidence. A small geiger 
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telescope was employed t o sele c t v e r t i c a l r e l a t i v i s t i c p a r t i c l e s 
t r a v e r s i n g the centre of the counter, and the r e s u l t i n g d i s t r i b u t i o n 
of pulse heights due t o s i n g l e p a r t i c l e s i s shown i n f i g u r e 8.5«' 
Hae mean pulse h e i g h t was 1.22 mv, w i t h a f u l l width of h a l f * - h e i ^ t 
of 85$^ Olie e f f i c i e n c y of the f i a s h tubes was al s o determined 
d u r i n g the s i n g l e p a r t i c l e c a l i b r a t i o n , the mean l a y e r e f f i c i e n c y 
i n t r a y s A and B being 73^. A t r a c k i n A and B i s defined as 
being n ^  5 flashes i n a l i n e , so t h a t the p r o b a b i l i t y of a charged 
p a r t i c l e t r a v e r s i n g A and B and producing n < 5 f l a s h e s , i s 0.64^ 
8.5» Analysis of data 
When an event i s selected, the s c i n t i l l a t o r pulse i s recorded 
on f i l m f r a n an oscilloscope, and the f l a s h tube t r a y s are photo-
graphed by a second camera. When the f i l m s are scanned, events 
are c l a s s i f i e d i n t o two categories: 
(a) Bursts produced by a charged p a r t i c l e (B"). 
(b) B i i r s t s produced by a n e u t r a l p a r t i c l e (B°). 
T y p i c a l examples of each type, of event are showi i n f i g u r e 8.5. 
The upper photograph i s a b u r s t of size I88 equivalent p a r t i c l e s 
produced by a charged p a r t i c l e i n c i d e n t on the i r o n a t a p r o j e c t e d 
z e n i t h angle of 21°. The lower photograph shows a B° event of 
b u r s t size 221 equivalent p a r t i c l e s . 
With such a f r e e s e l e c t i o n c r i t e r i o n f o r the t r i g g e r i n g of 
t h e apparatus, i t i s necessary t o define some s e n s i t i v e volume. 
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Figure 8.5. 
a. 
b. 
Unaccompanied bursts. 
N =188 p a r t i c l e s . 9=21.1°E. 
s 
N^=221 pa r t i c l e s . 9= 0.7 E. 
8k 
I n t h i s p r e l i m i n a r y experiment the f l a s h tubes were not crossed. 
Three mutually perpendicular axes are defined such t h a t the x-axis 
i s i n the plane of the c e n t r a l electrode of t r a y A and perpendicular 
t o the d i r e c t i o n of the tubes. Ihe y-axis i s p a r a l l e l t o the 
lengths of the f l a s h tubes, and the z-axis i s perpendicular t o 
the plane of the electrode. The s e n s i t i v e volume i s the cuboid 
defined by the width of the phosphor ( y ) , the distance ( z ) between 
the c e n t r a l electrodes of the f l a s h tube t r a y s A and and the 
distance ( x ) between two l i m i t s Z^Z^ and Z^Zg as shown i n f i g u r e 
8.1. These two l i m i t i n g l i n e s have been selected from consideration 
of the l a t e r a l spread of the b u r s t s , as i n d i c a t e d by t r a y s C and 
D. The photographs i n f i g u r e 8.5 show t h a t the b u r s t i s made up 
of a c e n t r a l r e g i o n i n C and D, over which tubes i n both layers 
have f l a s h e d , and a region a t e i t h e r end where there are scattered 
f l a s h e s . 
A diagram of the s e n s i t i v e area of the apparatus i s shown i n 
f i g u r e 8.4. X^, Xg, and X^ represent the c e n t r a l electrodes 
of the f l a s h tube t r a y s A, B, C and D r e s p e c t i v e l y , and are used 
as co-ordinate axes. Z^Z^ and Z^^ are the l i m i t i n g l i n e s , 
s e l e c ted so t h a t there are a t l e a s t 10 f l a s h tubes i n any l a y e r 
of C and D outside the l i m i t s . I h i s enables events t o be used 
i n l i i i c h the median of the c e n t r a l region l i e s on e i t h e r Z^Z^ or 
ZgZ.. 2 
The p r o j e c t e d z e n i t h angle 6 of a B~ event can be measured 
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d i r e c t l y . However, there i s no t r a c k i n A and B i n a b"^  event, 
so t h a t the p r o j e c t e d z e n i t h angle must be determined from C and 
D f l a s h tube t r a y s , c' and d' i n f i g u r e 8,k are the co-ordinates 
of the medians o f the c e n t r a l regions of the b u r s t s i n t r a y s C 
and D r e s p e c t i v e l y , and the l i n e through these p o i n t s i s taken 
t o be the best estimate of the t r a j e c t o r y of the primary p a r t i c l e . 
I h i s l i n e i n t e r s e c t s and Xg a t the respective co-ordinates 
a' and b', so t h a t the estimated value of the p r o j e c t e d z e n i t h 
angle 6' i s given by 
e'= tan"''' ~ ^  ^  where t i s the separation of 
\ and X^. 
The accuracy of 6' as a measure of the t r u e p r o j e c t e d z e n i t h 
+ 
angle 6 can be determined from the B~ events. Two co-ordinates 
a and b are measured from the t r a c k recorded i n each event, and 9 
i s given by: 
e = (21^) . 
A frequency histogram of (9-6') i s shown i n f i g u r e 8.6. The 
d i s t r i b u t i o n i s peaked towards small values of (9- 9 ' ) , the mean 
and median values being 2.78° and 1.92° r e s p e c t i v e l y , i n d i c a t i n g 
t h a t the p r o j e c t i o n method used t o determine the t r a j e c t o r y of 
n e u t r a l s producing b u r s t s i n the apparatus gives a r e l i a b l e estimate 
of the t r u e z e n i t h angle. The d i f f e r e n c e between the t r u e co-
ordinate ( a ) , as meas\ired on the r e p r o j e c t i o n system enrployed t o 
scan the f i l m s , and the estimated co-ordinate (a') i s shown as a 
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frequency d i s t r i b u t i o n i n f i g u r e 8.7. Hie mean and median values 
are 1.35 cms and I.07 cms r e s p e c t i v e l y . The r e p r o j e c t i o n system 
had a demagnification o f 2.5I, so t h a t the mean of I.55 cms i s 
equivalent t o a t r u e magnitude of 5»33 cms. Thus, the t r a j e c t o r y 
of a n e u t r a l can be l o c a t e d t o w i t h i n 2 f l a s h tubes a t the c e n t r a l 
e l ectrode of t r a y A, w i t h a z e n i t h angle accuracy of ~ 2.8°. 
8.4. T h e o r e t i c a l b u r s t spectra 
The size spectrum of bu r s t s has been measured i n the range 20 -
1500 p a r t i c l e s . I n order t o c a l c u l a t e t h e expected bu r s t spectrum, 
i t i s necessary t o know the f l u x of primaries i n c i d e n t on the i r o n . 
Bursts are p r i n c i p a l l y produced by protons, neutrons and pions, w i t h 
some c o n t r i b u t i o n frcm electromagnetic i n t e r a c t i o n s of muons. Although 
the f l u x of muons a t sea l e v e l i s l a r g e r than e i t h e r t h a t of protons 
or pions, the number of b u r s t s produced by muons i s smaller due t o 
the lower i n t e r a c t i o n cross-section. Hie sea l e v e l spectra of 
protons, pions and muons i n both the v e r t i c a l and i n c l i n e d d i r e c t i o n s 
w i l l be considered i n t h e f o l l o w i n g sections. 
8.4.1 Acceptance f u n c t i o n s 
The d i f f e r e n t i a l aperture of the s e n s i t i v e volume (dimensions 
X, y (>x) and z w i t h the primary f l u x i n c i d e n t on the x - y plane, 
has been evaluated frcm the f o l l o w i n g i n t e g r a l : 
r 2 2 
dfl = sin9cos9 / (xy - xz tan9sin<t' - yz tan6cos<t) + z tan 9sin<l>cos<!) )d<I> 
8? 
w i t h the l i m i t s given by 
Range 2 *1 . 
0 « e ^ tan'^ix./z) 
n 
2 0 
tan"-^(x/z) < e < t a n " ^ ( y / z ) 2 cos ^{xcotd/z) 
tan'-'-(y/i) < 6 < tan"-'-.^x^+y^/z) s i n (ycot6/z) cos~"^(xcot9/z) 
where 6 i s the t r u e z e n i t h angle, and <> i s azimuth angle measured 
frcm the x-axis. 
The d i f f e r e n t i a l aperture as a f u n c t i o n of pr o j e c t e d z e n i t h 
angle 9^ has been evaluated frcoi the f o l l o w i n g expressions given by 
P a t t i s o n ( I 9 6 5 ) f o r a primary, f l u x f o l l o w i n g the power law 
f o r n > 1 
'da „-n+l n^ Kz cos 9 
'^Vn n(n+2) ^- ) + ^ ^ ° ^ « o V d 9 n-2 
w i t h K = k I ^ ( y - z tan9^) ; A_ = z -2 -2 -2 2 A+ = z +x cos 0 
8.4.2 Cosmic ray spectra 
The data o f Zatsepin e t a l have been used i n conjunction w i t h 
the O.P.W. spectrum t o determine t h e f l u x of muons i n i n c l i n e d 
d i r e c t i o n s , f o r energies > 100 GeV. For muons w i t h energy i n the 
range 10-100 GeV, t h e data of A l l e n e t a l has been enqployed. Olhe 
i n t e n s i t i e s o f muons a t sea l e v e l w i t h energies i n the range 10-
88 
10,000 GeV are given i n Table 8 . 1 , f o r 9 i n the z e n i t h angle range 
0° -60° . 
Hie p i o n production spectrum has been derived by Osborne (1965) 
under the assumption t h a t pions are the sole source of muons. 
Allowance has been made for l o s s of muons by n-e decay, and energy 
l o s s by i o n i s a t i o n i n the atmosphere. The best estimate of the 
spectrum i s : -
F ± (E ±) = 1.76 X 10"''' E cm'^sec''''sterad''^ GeV"''' 
f o r 5.5 < E^± < 2000 GeV. 
The spectrum has been extrapolated up t o 10,000 GeV, and i s shown 
i n f i g u r e 8.8. 
An estimate of the primary spectrum has been made by Brooke 
e t a l . (196%). I t i s possible t o evaluate the i n t e n s i t y of the 
primary p a r t i c l e s by examining the dependence of t t e energy spectra, 
of cosmic ray protons and muons a t sea l e v e l , assuming a p a r t i c u l a r 
model f o r the i n t e r a c t i o n of h i g h energy nucleons. Hie O.P.W. 
spectrum was used i n the c a l c u l a t i o n s , together w i t h the sea l e v e l 
p r o t o n spectrum measured by Brooke e t a l (l96kh). The form of 
an a l y s i s was t o take a t r i a l spectrum of primary nucleons, and t o 
determine a value of K^, the f r a c t i o n of energy l o s t by the high 
energy nucleon i n a c o l l i s i o n w i t h an a i r nucleus, necessary t o 
give the measured sea l e v e l proton spectrum, and the value of K^, 
the f r a c t i o n of energy appearing as pions, necessary t o give the 
pio n production spectrum, i n t u r n derived frcm ihe sea l e v e l muon 
U n i t s : craT^ secT"^ steradT''' GevT"^ 
^Ge>>v^ 0° 10 
0 20° 30° 40° 50° 60° 
l o .n 1,07;,-•04 1.05., -•04 1 . 0 1 , , . -04 9.4O., -05 8 . 4 0 , , - 0 5 7,10,0-•05 5.15,3- -05 
1 5 . 0 4 . ? ! 8 : , - .05 -05 3 . 9 7 . , - 0 5 3 . 6 8 „ - 0 5 3 . 2 2 . , - • 05 2 .62 . , - -o.s 
20,0 • 2,20,^-•05 2 . 1 8,,--05 • 11 !0' •05 ? .O3 . , -05 1.92,T-"5 1 .79 ; , - •05 1.50,3- -05 
3 0 . 0 7,. 85,.-.013 7.83; , - • 0(3 7 . 7 5 . , - .05 7 .65 . , -oe 7 . 5 5 , 5 - 0 5 7,35,0-•06 6.80 .3 - -06 
50 .0 1 , .94, , -•OG 1 , 9 3 . , - .05 1 . 9 ? . . , - 1.91 , , - 0 5 I . 9O10-0S 1,88,0-•06 I . 8 O ; , - • 06 
70 .0 7 . ^ 3 , , - 07 7 .? !^? . - - •07 7.'-'.1.,- 07 7 . ? 0 , , - 0 7 7 .17 , , -07 7 .03 .3 - 07 6 . 8 ^ . , . •07 
1 0 0 . 0 ^ .50 . , - 07 ?,.51;:-•07 ? . 5 5 . 3 - •07 6*^1,-07 2.65.:;-07 2 . 7 5 . , - •07 2 . 8 0 „ - 07 
150 ,0 7 . ? . 5 , T f>8 7 . 3? . , , - 08 7 . 5 0 . ^ . .ns 7 . 7 7 . , - 0 8 8.17.O-08 8.71,,-•08 9.29,3- 08 
r^oo.o P-.07,^- 08 3 .on , , - •08 3 . i n , , - ^8 3.::'.7,,-08 3 . 5 3 , , - 0 8 3 . 8 6 ; , - 08 4.2.3;,- 08 
3 0 0 . 0 8 .18 . , - no 0 0 7 _ 1', /. ( 09 8.56. , - ''•9 8 .9Op-09 9 . 8 2 . , - o 9 . 1. ri8.o- 08 1 . 2 2 . . - n8 
500 .0 1 .4G.0- 09 1 . 48;,-no I . B . 1 . , - 0 9 1.64,-,-o9 1 . 7 8 . , - n 9 2 . o n , , - no 2 . 3 2 . 3 - 09 
7'^n.O 4 . 3 1 . , - 10 4 . 3 7 p - 10 4.5r^.,- 10 4 .87 ; , - lO 5 . 3 4 , , - 1 0 10 7 .15 . , - 10 
lono .n 1 .15 . , - 10 1.17-0- 10 1 . 2 1 . , - 1 0 1 .31,3-10 1.46; , -1o 1 . 6 8 . - - 10 " . 0 2 . - 10 
15on ,o : ^ . 7 9 . , - 11 5J.83,,- 11 r^.95.3- 11 3 .19: , -11 3,57.,-n 1.1.,- 11 11 
r^ooo.o 9 . 8 8 , , - 1?: 1 . Of}.,- 11 1 .05 .3 - 11 1.14;3-n 1.27;3-11 11 1.81.-,- 11 
3000 ,0 2.3n,.- 12 2.34.;- 1? 2.44.;- 12 2 .S5 ; , - 13 2 . 9 9 . , - 1 2 3.47;-,- 12 4 . 32.,- 12 
Snno.o 3./T8.,- 13 3 .34. . . - 1.3 3 . 4 9 . - - 13 3 . 7 9 , , - 1 3 4 . 3 o , , - 1 3 5 .02 . , - 13 c-. 3n.^- 13 
7 . 4 3 . ; - 14 7 . 5 7 . , - 14 7 . 9 4 . , - 14 8.S0;3-14 9 . 7 7 , 3 - 1 4 1 .14 .3 - 13 1 .44 ,3 - 13 
Table 8.1. The i n t e n s i t y of inuons at sea l e v e l as a function of 
ze n i t h angle 6 f o r .rauons with energy i n the range 
10-10,000 Gev. 
U n i t s : cmT^ secT''' steradT"^ GevT''' 
G e v > \ 0° 10° 20° 30° 40° 50° 60° 
10.0 07 4.'34,,- 07 3.12,,- 07 .1.49,,- 07 4.3S;,- 08 • 5.71;,- 09 1.54;:- in 
15.0 1.85;:- n7 1.63.,- 07 1.10,,- 07 5.25;,- 08 1 .54„-n8 2.01,,- 09 5.39,,- 11 
OR 7.76.,- 08 5.22.,- 08 2 . 5 0 „ - 08 7.33;,- 09 9.55,,- in 2.57;,- 11 
30,0 3.09,-,- OR 2.73.,- 08 1.83,,- 08 8.78;,- 09 2.57..- 09 3 .3G„- 10 9.02,,- 12 
50 iO 09 7.30.-,- 09 4.91;,- 09 2.35.,- 09 6,89;,- 10 8.98,,- 11 2.42;,- 12 
70.n 3.47,.- 00 3.06.,- 09 2.0G,,- no 9.86;,- 10 2.89.,- 10 ' 3.77;,- 11 1.01..- 12 
100.0 1.3R.,-•09 1.22;,- no 8.21,,- 10 3 .93. , - 10 . 1.15.,- 10 n50.,-11 4,n4.,- 13 
150.0 4.85;,- 10 4.2 9.,-10 2.88;,- 10 1.38.,- 10 4.n5;,- 11 5.28;,- 12 1.42,,- 13 
O TO _ " . in 2.n4p- in 1,37.,- in 6.57,,- 11 1.93;,- 11 2.51..- 12 6.75;,- 14 
3 0 0 , 0 .9,13;,- 11 7.17,,- 11 4.82.,- 11 2.31;,- 11 6.77;,- 12 8,82,,- 13 2..?7,,- 14 
500.0 2.18..,- •11 1.92;,- 11 1 .29.;- 11 6.18;,- 12 1.81,,- 12 2.36;,- 13 6.35,,- 15 
700.0 9.14;,- 12 8.06,,-•12 5.42,,- 12 2.59,,- 12 7.61;,- 13 9.92,,- 14 2.67.,- 15 
1000.0 3.64,,- 12 3.21,,- 12 2.16,.- 12 1.03;,- 12 3.n3.,- 13 3.95.,- 14 1.06,3- 15 
1500.n 1 .?8:.-1?. 1.13..- 12 7.59;,- 13 3.63,.- 13 1. 06;,- 13 1.39;,- 14 3.73,.- 16 
poc". o 6.00;,-•13 5.37;,- 13 3.61,,-•13 1.73;,- 13 5.07..- 14 6.61.,- 15 1.78;,- 16 
3000,n 3.14..-•13 1.89..- 13 1.27.,- 13 6 . 07;,-•14 1.78.,-•14 2..32.,- 15 6.24.,- 17 
5000.0 5.73.,-•14 5 , 05 . , -•14 3,40,.-•14 1.63,.- 14 4.77;,-•15 6.21.,- 15 1.67.,- 17 
7000,0 2.40,,- •14 2.12,,-•14 1.43;,-•14 6.82;,-15 2.00.,-•15 2.61;,-•16 7.01,,- 18 
Table 8.2. 'The i n t e n s i t y of protons at sea l e v e l as a function of 
z e n i t h angle 6 for protons with energy i n the range 
10-10,000 Gev. 
-2 -1 ,-1 . .-1 
G e v . \ 
0° . 10^ 20 0 30° 40° 50° 60° 
i n . o 5 . 7 0 . , - (VS 5.11 : , - nS 3 .45;,- 08 1 . 6 6 , , - 08 4 . 8 0 ; , - 09 6 . 4 3 ; , - i n 1 . 7 4 ; , - 1 1 
15 .0 2 , 8 9 , - 0 8 2 . 5 5 ; , - 08 1 . 7 2 , , - • 0 8 8 . 3 0 , , - 0 9 2 . 4 6 , . - 09 3 . 2 4 ; - - 1 0 8 . 8 3 , . - 12 
2 0 , 0 1 .75; , - 0 8 1 .54; , - n8 1 . 0 4 , , - 0 8 5 , 0 4 ; , - 0 9 1 . 5 0 . , - 09 . 1 , 9 8 , , - 1 0 5 . 4 2 . . - 12 
3 0 . 0 8 .49. . - 0 9 7 .51 , , - 0 9 5 . 0 9 , , - 0 9 2 . 4 7 , , - 0 9 7 .36, . - 10 9 . 8 0 . , - 1 1 2 . 7 0 . . - 12 
5 0 . 0 3''.,- 0 9 2 . 9 3 . . - 0 9 1 . 9 0 , , - 0 9 9 . 7 3 ; , - 10 2 . 9 3 , , - 10 3,95 , , -11 1.11;,- 12 
7 n . O 1 . 73 . . - 0 9 1 ,54; , - no 1 . 0 5 . , - •09 5 .15;,- 10 1 . 5 6 ; , - in 2 , 1 3 : , - 1 1 6 . n 3 ; , - 1 3 
1 0 0 . 0 8 . 5 0 . , - 10 7 . 5 4 , . - 10 5,17-.,- 10 2 . 5 5 , , - 10 7 . 8 2 . . , - 11 1 , 0 8 „ - 1 1 3 ,11. ,- 1 3 
1 5 0 . 0 3 . 6 4 ; . - •10 3 , 2 3 ; , - 1 0 2 , 2 3 . . - • in 1.11;,- i n 3 . 4 4 ; j - 11 4 , 8 2 ; , - 1 2 1 . 4 2 ; , - 1 3 
2 0 0 . 0 1 . 9 4 „ - m 1 ,73, . - 10 1 . 1 9 . , - •10 5 . 9 7 , , - 11 1 . 8 7 , , - n . 2 . 6 6 ; , - 1 2 7 . 9 8 , , - 1 4 
3 0 0 . 0 7 .72,0-•11 6 , 8 8 , , - 11 ' ' : .77: , - •11 2 .41, , - 11 7 . 6 4 ; , - 12 1 . 1 1 „ - 1 2 3 .41. .- 1 4 
5 0 0 . 0 2.29,.-•11 2 . 0 5 „ - 11 1 . 4 3 ; , - •11 7 . 2 7 . - - 12 2 . 3 4 . . - 12 3 . 4 5 ; , - 1 3 
1.10,.- 1 4 
7 0 0 . o 1. •11 8 . 9 7 . , - 12 6 . 2 7 ; , - •12 3 . 2 1 . , - •12 1 . 0 4 , , -
12 1.55; . -13 5 . 0 2 , , - 1 5 
1 0 0 0 . 0 4 .11;,-•12 3 . 6 7 , , - 12 •12 12 4 , 3 0 ; , - •13 6 . 5 0 . . - 1 4 •^.14-0- 1 5 
1 5 0 0 . 0 1 .46,.--12 1 . 3 1 , , - 12 9 . 1 8 ; , - - 1 3 4 . 7 3 . , - 1 3 1 . 5 5 i , - 1 3 2 . 3 6 ; , - 1 4 7 . 8 7 . , - 1 6 
2 0 0 0 , o 6.0.^,,-• 1 3 6 .24;,- •13 4.38;,-• 1 3 2 . 2 6 ; , - • 1 3 7 . 4 3 , . - • 1 4 1 . 1 4 „ - 1 4 3.82;,-• 1 6 
3 0 0 0 . 0 2 . 4 3 , , - • 1 3 2 . 1 8 ; , - •13 1 .53,,-- 1 3 7 . 9 3 , , - • 1 4 2 . 6 1 , . - • 1 4 4 . 0 1 , , - 1 5 1 . 3 6 ; , - • 1 6 
5 0 0 0 . 0 6 , 4 n , , - - 1 4 5 . 7 3 , , - 14 4 . 0 3 ; , - - 1 4 2 . 0 9 ; n - 1 4 6 . 9 0 , , - •15 1 . o 6 . , - 1 5 3 . 6 4 ; , - • 1 7 
7 0 0 0 , 0 ?^.54„- - 1 4 2.37,.-•14 1 . 6 7 . . - -14 . 8 . 6 4 . -• 1 5 2 . 8 6 , , - • 1 5 4 , 4 2 . , - 1 6 1 . 5 1 ; , - • 1 7 
Table 8.3. The i n t e n s i t y of pions at sea l e v e l as a function of 
ze n i t h angle 6 for pions with energy i n the range 
10-10,000 Gev. 
t3 
-P 
CO 
o o n 
7 a o 
n 
10 100 1000 
B. (Gev) 
10000 
Figaro 8,8, Cosmlo ray speotra. 
1. primary proton speotrvun, 
2. pion production spectrum. 
3. sea l e v e l muon spectrum. 
4. sea l e v e l proton spectrum. 
5. sea l e v e l pion spectrum. 
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spectrum. The primary spectrum was then relaxed u n t i l the 
c o n d i t i o n K^ - = 0.12 was s a t i s f i e d , t h i s value being the best 
estimate from the experimental data a v a i l a b l e . The e m p i r i c a l 
r e l a t i o n of Cocconi et a l . (1961) was used to describe the energy-
d i s t r i b u t i o n of pions r e s u l t i n g from n u c l e o n - l i g h t nucleus c o l l i -
sions. Hie best estimate of the primary spectrum i s : 
l ( E j j ) = 1.37 cm-^sec"^ s t e r a d " W ^ 
f o r 10 < E < 5 X 10 , w i t h E i n u n i t s of GeV. 
This spectrum i s displayed i n f i g u r e 8.8. 
Brooke et a l (l964b) have made measurements on the spectrum 
of protons a t sea l e v e l u sing a magnetic spectrograph i n conjunc-
t i o n w i t h an I.G.Y. neutron monitor. The proton c o n t r i b u t i o n was 
determined f o r each d e f l e c t i o n c e l l by s u b t r a c t i n g frcm the 
number of p o s i t i v e p a r t i c l e s the corresponding number of n e ^ t i v e 
p a r t i c l e s m u l t i p l i e d by the p o s i t i v e - n e ^ t i v e ratio f o r muons a t 
t h a t momentum, assigning t h i s t o have the same value f o r pions 
as f o r muons. Hie best estimate of the a t t e n u a t i o n l e n g t h f o r 
nucleons i n a i r was Ap = 127±4 gm. cm , f o r nucleon energies > 2 GeV. 
1h±s value was derived frcm the primary nucleon spectrum assuming 
K - E = 0.12, and t h a t the neutron i n t e n s i t y at sea l e v e l i s 
equal t o the proton i n t e n s i t y a t the same energy. Ihe proton 
i n t e n s i t i e s a t various z e n i t h angles have been derived assuming 
Ap = 127 gm cm' , and are t a b u l a t e d i n Table 8.2. f o r protons i n 
the energy range 10-10,000 GeV. The spectrum of neutrons i s 
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assumed t o be i d e n t i c a l w i t h t h a t o f protons i n the erergy range 
considered. Hie v e r t i c a l sea l e v e l proton spectrum i s shown i n 
f i g u r e 8.8, together w i t h the measured p o i n t s of Brooke et a l . 
Hie energy spectrum of negative pions i n the v e r t i c a l 
d i r e c t i o n has been measured by Brooke et a l . (l964c) using the 
Durham spectrograph i n conjunction w i t h an I.G.Y. neutron monitor. 
Pions were detected by means of t h e i r i n t e r a c t i o n and subsequent 
neutron production i n the monitor. Hie experimental measurements 
representing the t o t a l f l u x of charged pions a t sea l e v e l are 
shown i n f i g u r e 8.8. I t was assumed t h a t the p o s i t i v e - n e g a t i v e 
r a t i o f o r pions was u n i t y , because c a l c u l a t i o n s show t h a t the 
m a j o r i t y of sea l e v e l pions are produced i n c o l l i s i o n s near sea 
l e v e l , i*iere the proton-neutron r a t i o i s u n i t y . 
Using the approach of B a r r e t t et a l . (1952) the i n t e n s i t y of 
pions w i t h energy betweeji E and (E-hlE) a t depth x i n the atmosphere, 
rt(E,x)dE, i s r e l a t e d t o the i n t e n s i t y of the pion production 
spectrum, F(E)dE, by t h e equation : 
«(E,x)dE = F(E)dE eJ-^) ^ . ^  , |, } 
IT P p 
yhere — = - and B = •-. y A A CT A p Jt o 
2 
mc andT^ are the r e s t energy and l i f e t i m e of the pion r e s p e c t i v e l y , 
and H i s the r a t i o of atmospheric depth t o the density of the a i r 
a t t h a t depth. i s the p i o n a t t e n u a t i o n length. 
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Assuming Ap = A^, then the i n t e n s i t y of pions, n(E,1030,e), 
a t sea l e v e l and i n c i d e n t a t a z e n i t h angle 6, i s r e l a t e d t o the 
p i o n production s p e c t r m by the equation: 
This equation has been evaluated f o r p i o n energies i n the range 
10 - 10,000 GeV, and the i n t e n s i t i e s are shown- i n Table 8.3 f o r 0 
i n the z e n i t h angle range 0°--.6o°. Values of H corresponding t o 
the mean depth o f production f o r pions of a given energy have been 
used. Hie p r e d i c t e d v e r t i c a l spectrum i s ^ own i n f i g u r e 8.8, 
together w i t h the measured p o i n t s of Brooke e t a l (l964c). Hie 
discrepancy a t 10 GeV (a f a c t o r of 3) cannot be accounted f o r by 
v a r y i n g A^, because equation 8.1 i s very i n s e n s i t i v e t o v a r i a t i o n s 
i n A^, due t o the pions being produced a t such low a l t i t u d e s . 
8.4.3 P r e d i c t e d b u r s t spectra 
Cascades i n i r o n have been considered i n Chapter 6, and the 
cascade curves developed f o r use w i t h l i q u i d p a r a f f i n s c i n t i l l a t i o n 
counters i n the h o r i z o n t a l b u r s t experiment have been used i n the 
v e r t i c a l b u r s t a n a l y s i s . Hyplcal curves fca: electron-photon cascades 
are shown i n Figure 6.5. Ihe curves i n f i g u r e 6.6 have been used 
f o r p ion induced cascades, assuming an i n e l a s t i c i t y of 100^ f o r 
p i o n i n t e r a c t i o n s , 
(a ) B" events 
Those events which have a t r a c k i n A and B associated w i t h a 
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b u r s t i n the s c i n t i l l a t o r are c l a s s i f i e d as B~ events. Hie 
expected spectrum of b u r s t s has been ca l c u l a t e d , assuming the 
i n e l a s t i c i t i e s of proton and pion c o l l i s i o n s t o be 505^  and 100?^  
r e s p e c t i v e l y , and i s shown i n f i g u r e 8.9. GZhe rela,tive c o n t r i b u t i o n s 
of muons, pions and protons t o the- t o t a l spectrum are i n d i c a t e d . 
Pions are the dominant p r i m a r i e s f o r b u r s t s of size > 100 p a r t i c l e s 
but f o r smaller b i i r s t s t h e i r c o n t r i b u t i o n i s reduced through decay 
losses i n the atmosphere. Protons and muons are of equal importance 
f o r 'small b u r s t sizes. 
e. 
The d i s t r i b u t i o n of energies of a primary p a r t i c l e g i v i n g r i s e 
t o a B "event of s i z e i n the range 152 - 264 p a r t i c l e s i s shown 
i n f i g u r e 8.10 f o r proton, p i o n and muon primaries. Hie mean 
energy of a proton producing a b u r s t i n t h i s size range i s 173 
GeV, -vdiereas the mean p i o n energy i s 93 GeV. Hie d i f f e r e n c e 
a r i s e s frcm the d i f f e r e n t i n e l a s t i c i t i e s . The f i g u r e s i n paren-
t h e s i s i n d i c a t e the r e l a t i v e c o n t r i b u t i o n s of eadi t o the t o t a l 
spectrum. S i m i l a r d i s t r i b u t i o n s f o r b u r s t s i n ihe size range 
1520 - 2640 are shown i n f i g u r e 8.11. 
( b ) .B° events 
Hiose events yhich have no t r a c k i n A and B associated w i t h 
a b u r s t i n the s c i n t i l l a t o r are c l a s s i f i e d as B° events. Neutrons 
are the main producers of such events, b u t charged p a r t i c l e s can 
simiilate B° events by e n t e r i n g the i r o n f r o a the side and missing 
A and B, such t h a t the p r o j e c t e d z e n i t h angle 9' i s w i t h i n the 
»iSU!l&inHb»liiiS!U!!]UHEIUIISS 
10" 10-
burat size, (n.) 
Figure 8,9, TSao expeotod spectrum of B*events, showing the rel a t i v e 
contributions of the d i f f e r e n t primaries;, 
. 1 - piona; 2 - protons; 3 - muons. 
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Figure 8.12. The expected spectrum of B° events, showing the relative contributions of the d i f f e r e n t primaries. 
1 - neutrons; 2 - pionsj 3 - nucleons; 4 - muons. 
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accepted geometry. Hie expected spectrum of B° events i s shown 
in figure 8.12, together with the r e l a t i v e contribution of the 
different parents. Neutrons are the dcminant contributors over 
the -viiole range of burst s i z e s . 
8.5 Experimental r e s u l t s 
8.5.1 Spectra of B~ and B° events 
Bie apparatus -was run fco: a t o t a l of 702.1 hours, in -viiidi 
time a t o t a l of 575 bursts {klk B* and I59 B°) vere recorded. 
The measured spectra of B* and B° events are shown in figures 8.9 
and 8.12 respectively. Connections for day-to-day variations in 
pressure have been applied using a Barometer Coefficient of 10^ 
per cm. Hg., and the data have been normalised to a pressure of 
76 cms. Hg. Ihe f u l l l i n e s are the t o t a l predicted spectra. 
Although the s t a t i s t i c s are rather limited, especially for B° 
events, agreement between prediction and measurement i s good for 
bujTSt sizes < 100 p a r t i c l e s . However, at larger burst sizes there 
i s a ^ s t e m a t i c difference between tiieory and experiment in both 
+ o 
the B~ and B spectra, the predicted spectra being larger than 
a c t u a l l y measured. 
8.5.2 A n ^ a r distributions 
Bae angular distributions of the measured B^ and B° events 
are plotted as frequency histograms in figure 8.I5. A power 
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law of the form Ig = c o s ^ has been f i t t e d to the distributions, 
2 
and the best f i t determined by the minimum X value. The 
corresponding values of the exponent are: 
B" : n = 5.8*1.5 ; . B° : n = 7.0±2.3 
Both distributions contain seme contamination from muon induced 
bursts, and as the muon spectrum decreases r e l a t i v e l y slowly with 
increasing 9, a small contribution frcm muons w i l l effect the 
exponent considerably. Allowance has been made for muons, and 
the angular dependence recalculated for each distribution, the 
best values of the exponent being: 
B" : n = 7.0^1.7 ; B° : n = 8.7±2.1 
Hiese values of the exponent indicate that, after allowance has 
been made f o r the muon contamination, the remaining events are due 
to nuclear-active p a r t i c l e s . Bie mean values of n have been 
calculated from the angular variation of the pion and proton 
i n t e n s i t i e s at sea l e v e l , and are 8.15 and 8.65 for pions and 
protons respectively. Hence the measured values are in agreement 
with prediction , to within experimental error, 
8,5.5 Lat e r a l distribution of bursts 
I n the analysis of the films, the mean numbers of tubes 
flashed in trays C ard D were noted, these being denoted by N^ : 
and i j ^ respectively. has been plotted as a function of burst 
si z e i n a 'dot* distribution, and i s shown i n figure 8.14. OSie 
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f u l l l i n e represents the mean variation of the l a t e r a l spread with 
burst s i z e . Also shown as a broken l i n e i s the corresponding 
variation determined for pure electromagnetic cascades in the 
horizontal burst experiment. There i s a considerable discrepancy 
between the two measurements, the l a t e r a l spread of a biirst 
measured in the v e r t i c a l experiment being larger than that of the 
same burst size measured in the horizontal experiment. This i s 
probably caused by the different nature of the bursts. Those 
measured in the horizontal experiment were mainly electrcmagnetic 
i n nature, originating fran either a photon or an electron. However 
the v e r t i c a l bursts are thought to be predaninantly pion induced, 
and the transverse mcmentum of the pions w i l l tend to broaden the 
l a t e r a l distribution of the burst. Figure 8.I5 i s a plot of 
against N ; =tnd shows the same fanning-out cha r a c t e r i s t i c observed 
c 
in the horizontal burst experiment. 
8.5.^ 1- Accompanied events 
Some events contain tracks in A and B which are not associated 
with the burst, but acccmpany the primary p a r t i c l e producing the 
burst. T ^ i c a l examples aie shown in figure 8.I6. The upper photo-
graph i s , a B event accompanied by two other tracks in A arri B. 
A B° event with two p a r a l l e l tracks in A and B i s i l l u s t r a t e d in 
the lower photograph. An accompanying track i s defined as > 3 
flashes i n a l i n e . 
a. 
b. 
• •••*•• 
Figure 8.16. 
a. 
b. 
Accompanied bursts. 
B- N =164 particles, s 
B N =310 particles, s 
9=0.7 W. 
9=6.5°w. 
Acc=2 tracks. 
Acc=2 tracks. 
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Figure 8.18. Unusual events. 
a. Double burst. 
b. N =52.5 particles. 9=4 .4°E. 
penetrating p a r t i c l e , probably a muon. 
Accompanied by a 
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The mean number of spurious flashes i n trays A and B i s 
(0 ,86 ^ 0*86^ trigger. K i i s value was determined by triggering 
the trays at randan using a pulse generator. An unaccompanied 
event i s defined as containing =^  5 flashes in A and B unassociated 
with the burst. A plot of the percentage of bursts -hhich are 
produced by unaccompanied primaries i s shown in figure 8 . I 7 as 
± o 
a function of burst s i z e for B and B events. The fraction of 
unaccompanied primaries decreased fron a value of 80^ at a burst 
s i z e of kO p a r t i c l e s to 585^ a t 9OO p a r t i c l e s . Although the s t a t i s t i c s 
are poor, there appears to be no s i g n i f i c a n t difference between the 
± o 
accompaniment of B or B events. The degree of accompaniment was 
2 
measured over an area of I . 5 -m • 
The upper photograph i n figure 8.18 shows a neutral burst 
accompanied by one track i n A and B. The second p a r t i c l e also 
gives r i s e to a burst in C and D, and the burst in D shows some 
structure. The event can be described as a neutron accompanied by 
+ 
a proton or charged pion. The lower photograph shows a BT event 
accompanied by a penetrating p a r t i c l e , prdfcably a muon. 
8.5.5 Photography rate 
Events were selected by demanding only a large pulse from the 
s c i n t i l l a t i o n counter. The discriminator was biassed at, say 100 
p a r t i c l e s , and a l l events producing more than 100 p a r t i c l e s in the 
s c i n t i l l a t o r were accepted. Subsequent scanning of the films enabled 
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the B and B events to be picked out. However, with such a free 
selection c r i t e r i o n , the rat i o of useful events to the t o t a l number 
of exposures becomes important. The integral photography rate as 
a function of burst s i z e i s shown in figure 8.19, together with the 
± o 
t o t a l spectrum of B and B events. I f the discriminator i s set 
at,200 p a r t i c l e s , l/5»5 frames would be useful, but the ratio 
decreases to I/7.6 frames at 20 p a r t i c l e s . Bie non-useful events 
are p r i n c i p a l l y caused by extensive a i r showers. 
Green et a l . (1959) have measured the t o t a l counting rate of 
2 
an unshielded s c i n t i l l a t i o n counter of area 7.3 m . This spectrum 
2 
i s displayed in figure 8.19^ nomalised to an area of 1.2 m . 
Comparison between the Green spectrum and that measured by the 
v e r t i c a l burst spectrum shows the efficiency of the iron in shielding 
the counter. 
8.6 Discussion 
Figure 8.12 shows that neutrons contribute pri n c i p a l l y to the 
expected B° spectrum. Hence i t i s possible to compare the measured 
B° spectrum with the proton measurements of Brooke et a l (l964b), 
assuming the neutron spectrm to be the same as that of protons at 
sea l e v e l , and making corrections for the contamination to the 
measured B° spectrum. The proton measurements of Brooke et a l are 
shown i n figure 8.20, together with the predicted sea l e v e l neutron 
spectrum. The corrected B° measurements are plotted in the same 
figure at the median neutron energies corresponding to the burst 
10^ 
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u 
v 
!z; 
A 
10^ 
1.0 -1 
10 100 
burst size ( N ) 
liOOO 
Pigure 8.19. Int e g r a l counting rate of. a s c i n t i l l a t o r shielded 
by 20oma. iron. 
1, photography rate, ^ 
2, t o t a l burst spectrum (B~ and B° ), 
3, size spectrum measured by Green et oL (1959) using an 
unshielded s c i n t i l l a t o r of area 7.3m* The results have 
been normalised to an area of 1.2m^  
+> 
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Pigiar© 8.20. The measured neutron f l u x compared with the predicted 
spectrum^ and the proton measurements of Brooke et 
a l (I964h). 
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KLgure 8.21. Mean'and median energies of protons and pions giving rise 
to a pa r t i c u l a r burst size. Values of 0.5 and 1.0 were 
taken f o r the respective coefficients, of i n e l a s t i c i t y of 
protons and pions. 
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size ranges. The var i a t i o n of mean and median pion and proton 
energies with burst size i s shown i n figure 8.21. Values of 
Kp = 0,5 and Kit = 1,0 were taken for the respective values of 
proton and pion coefficients of i n e l a s t i c i t y . 
For energies < 100 GeV the experimental points are i n agreement 
with the Brooke et a l proton measurements, and the predicted spectrum. 
However, at energies > 100 GeV there i s a deviation of the measured 
points from expectation, the experimental data being a factor ~ 2 
lower than the predicted spectrum. An examination of the assumptions 
made i n the t h e o r e t i c a l analysis may account for the difference. 
The primary spectrum used i n the calculations was the best 
estimate given by Brooke et a l (iSSka), namely 
I (E^) = l-3T^]l^ E"^-5S cm"^ sec"^ stemd"^ GeV"^ f o r E 
i n the range 10 ^  E (GeV) ^ 3 x l o \ 
Malhotra et a l (1966) f i n d the primary spectrum i s best 
represented by 
I (E ) = 2.kQ~l'^l E"^'^° cm"^ sec"^ sterad"^ GeV'^  f o r E ^ n' - I . I 5 
i n the range 100 < E (GeV) < 6 x 10^. 
To account far the discrepancy found i n t t ^ e r t i c a l burst 
experiment, the Brooke et a l primaiy spectrum would have to be 
reduced by a factor of more than 2, which is contrary to the findings 
of Malhotra et a l . Although the primary spectrum is not known 
accurately, i t would appear that the Brooke spectrum i s an under-
estimate rather than an overestimate of the primary spectrum, and 
so i t seems -unlikely that the discrepancy i s due t o the spectrum 
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adopted, 
Brooke et a l (l964b) found the best value of the proton 
_2 
attenuation length to be Ap = 12Y±k gm. cm i n the energy range 
2 - 100 GeV. This value was adopted i n the v e r t i c a l burst analysis 
to cover the entire range of proton energies consiiered (10-10,000 
GeV). However, agreement can be obtained between the measured 
points and the predicted spectrum by reducing the proton attenua-
t i o n length to a value of Ap = 117 gni' cm for energies > 100 GeV 
(sea l e v e l ) , and a similar reduction i n the pion attenuation length 
+ 
woiold result i n agreenent between the predicted and measured B 
spectra. 
During the scanning of the f i l m s , a l l events were rejected 
+ o 
which could not be unambiguously c l a s s i f i e d into either B" and B 
categories according to the c r i t e r i a discussed i n §8.5* I t was 
not nomally possible to classify events with several {> lO) tracks 
i n A and B and containing a burst i n C and D. Consequently a bias 
may have been introduced i n t o the measured spectra. However i t i s 
not t h o u ^ t to be a large effect, and i s unlikely to accomt for 
the discrepancy. Any analysis bias would be expected to increase 
with burst size, yheveas the observed discrepancy i s rearly constant 
f o r burst sizes > 100 p a r t i c l e s . 
S predicts a nucleon to be composed of three quarks. I f 
t h i s i s correct, i t would be feasible f o r a nucleon to dissociate 
i n t o i t s constituent parts i n a high energy c o l l i s i o n , provided 
that the energy available was above the threshold for quark 
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production. Consider an interaction between an energetic primaiy 
cosmic ray proton and a nucleon i n an a i r nucleus. 7^ and 7^, 
the respective Lorentz factors of the centre of Mass systan and 
the Laboratory system, are related by the equation 7^ = (7^ ^ + l ) / 2 . 
Taking the threshold process to be 
V + 19 (\ + 1j_ + + (l-L + q-L + qg) 
where q^ i s the quark of charge + -f, strangeness 0 and q^ i s the 
quark of charge - strangeness 0, then the energy threshold i s 
1800 GeV f o r a quark mass of 10 GeV. IDiis primaiy energy corresponds 
to a proton energy of ~ 100 GeV at sea le v e l . Hence, i f quarks are 
produced i n the i n i t i a l interactions of the primary protons, a 
reduction i n the f l u x of nucleons with energy > 100 GeV would occur 
at sea lev e l . 
Assume that quark production occurs i n a f r a c t i o n F of high 
energy col l i s i o n s above threshold, and that protons have an 
i n e l a s t i c i t y of 50^ i n the remaining (1-F) collisions. The 
observed discrepancy can then be explained using t h i s simple model 
and i t i s found that the experimental points are best f i t t e d 
(minimian X ) by a value of F = l 8 ^ . However, i t should be noted 
2 
that a l l -values of F give rise t o values of X which are s i ^ i f icant 
a t the 5^ l e v e l . Neutron production by quarks has been ignored. 
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8.7« Conclusions 
This preliminary experiment was performed to test the feasi-
b i l i t y of measuring the sea le v e l spectra of nuclear-active 
particles using a shielded s c i n t i l l a t i o n counter. Bursts produced 
i n the l o c a l shielding were used to determine the energy of the 
primary p a r t i c l e s . I n principle the spectra of both charged and 
neutral p a r t i c l e s can be measured. A refinement to the present 
apparatus would be to incorporate f l a s h tubes crossed with those 
i n trays C and D, so that neutrons can be uniquely distinguished 
frcm simulated neutral events. 
The present results show a discrepancy between the measured 
burst spectra (both B~ and B°) and prediction f o r burst sizes i n 
excess of 100 p a r t i c l e s . The most probable explanation is that 
the value adopted f o r the proton atteniiation length i n the 
theoretical calculations has been overestimated. Agreement can 
_2 
be obtained by reducing the value to Ap = 117 gtn. cm , f o r proton 
energies (sea l e v e l ) > 100 GeV. The p o s s i b i l i t y of the primaiy 
spectrum being i n error cannot be ruled out en t i r e l y , but to 
reduce i t by a factor of 2 would not be i n agreement with Brooke 
et a l aind Malhotra et a l . 
The discontinuity i s not inconsistent with quark production. 
Nominally the results indicate a quark mass ~ 10 GeV, and that 
the high energy nucleons dissociate into t h e i r constituent quarks 
i n about l&i> of t h e i r c o l l i s i o n s above threshold. However, a l l 
values of F produce yalues-^of which are significant at the 5^ 
2 1 SEP »'^('7 
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_2 l e v e l , whereas reducing the value of Ap to l l j gm cm produces 
2 
a X which i s not si g n i f i c a n t at the 50^ l e v e l . 
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CHAPTER 9 
SUMMAEY 
The nearly horizontal muon f l u x at sea lev e l has been used to 
study the interactions of high energy (34-520 GeV) muons i n an iron 
absorber producing energy transfers i n the range '^-2h0 GeV. No 
sign i f i c a n t divergence frcm ihe theory as predicted by Bhabba (1938) 
has been founds This result substantiates the findings of Barton 
et a l (1966), but extends the range of energy transfers over -vAiich 
quantxmi electrodynamics i s found t o apply. The excess of events 
reported by Deery and Neddermeyer (1961) i s not evident, but t h i s 
e f f e c t would only have been detected i f there was a deviation which 
increased with increasing energy transfer. Although there i s a 
tendancy f o r the burst spectrum measured i n to f i t a theoretical 
spectrum calculated with the photonuclear cross-section increasing 
J, 
as f o r E > 5 GeV, the same effect i s not apparent i n the S^^ burst 
spectrum. The measurements i n the relevant region (> 100 GeV energy 
transfer) are not s u f f i c i e n t l y r e l i a b l e s t a t i s t i c a l l y to be able to 
a 
make any quaifcltative statement. 
Measurements on the energy spectra of nuclear-active particles 
at sea l e v e l have been made over the range 20-4300 GeV. A divergence 
of measurement frcm theory i s apparent i n both the charged and neutral 
burst spectra, occuring at energies > 100 GeV. The observed dis-
continuity can be taken to support the suggestion of S U^that the 
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proton i s a t i g h t l y bound system of three charged quarks. This 
interpretation would indicate a quark mass of about 10 GeV, and 
also that high energy protons dissociate into t h e i r constituent 
quarks i n about l 8 ^ of t h e i r collisions above threshold (iBOO GeV). 
Assuming the v a l i d i t y of t h i s interpretation, the observed result 
implies that q-uarks interact very strongly i n the atmosphere, 
otherwise an abundance of r e l a t i v i s t i c e/j and 2e/3 quarks would 
have been recorded by the various quark telescope experiments viiich 
have been performed. An alternative to account f o r the observed 
discrepancy i s that the attenuation length of protons i n the 
-2 -2 
atmosphere be reduced from 127 gm cm to a value of 117 cm 
f o r energies > 100 GeV. The l a t t e r appears to have more s t a t i s t i c a l 
r e l i a b i l i t y , but the p o s s i b i l i t y of quark production cannot be 
ruled out. 
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A P P E N D I X A 
L I Q U I D F A R A l P F I N S C I U T I L I A T I O W C O U M E R S 
A l Exper imenta l 
Ihe s c i n t i l l a t i o n counters used i n the experiments descr ibed 
i n t h i s t h e s i s are o f the design recamnended by Bar ton e t a l . ( 1 9 6 2 ) . 
A comprehensive study o f the p r o p e r t i e s o f these counters has been 
c a r r i e d out by Simpson (19614-). B i i s appendix i s concerned w i t h the 
p h y s i c a l p r o p e r t i e s o f the l i g h t guides , and an est imate i s made of 
the f r a c t i o n of the produced l i ^ t t h a t i s c o l l e c t e d by the photo-
m u l t i p l i e r s , f r o m -viiich the absolute s c i n t i l l a t i o n e f f i c i e n c y o f the 
phosphor has been evaluated . 
The l i q u i d phosphor, m e d i c i n a l p a r a f f i n p lus O.5 g. l " " ' ' o f 
p - t e r p h e n y l and O.OO5 g . l " ' ' " o f POPOP, i s contained i n a rec tangula r 
Perspex box ( f i n . w a l l t h i ckness , dimensions I 3 0 x 9 0 x I 7 . 8 cms). 
This box i s mounted i n a l a r g e r l i g h t - t i g h t wooden box on wooden rods 
so t h a t l i g h t i s t r a n s m i t t e d i n the phosphor by t o t a l i n t e r n a l 
r e f l e c t i o n . One p h o t c m u l t i p l i e r ( E . M . I , type 9 5 8 3 B ) views the 
phosphor through a r ec t angu la r l i g h t guide c o n s i s t i n g o f plane 
m i r r o r s mounted i n a i r a long the sides WX, YZ and AEHD ( f i g u r e A l ) . 
A second p h o t c t n ' u l t i p l i e r views the phosphor f rom the o ther end. 
Measurements were made of the pulse he igh t d i s t r i b u t i o n 
produced by p h o t c m u l t i p l i e r BA^ as a f u n c t i o n of the p o s i t i o n o f 
r e l a t i v l s t i c muons t r a v e r s i n g the counter along i t s centre l i n e . 
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Figtire A. 2. Response of photomultiplier PM- as ai function of the 
• position of particles traversing the counter along 
i t s centre l i n e . 
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Th i s was c a r r i e d out by means o f a smal l s c i n t i l l a t o r telescope so 
t h a t on ly muons t r a v e r s i n g a smal l r eg ion o f the counter normal t o 
i t s area were se l ec ted . The r e s u l t s are shown i n f i g u r e A2, toge ther 
w i t h those f o r the same phosphor p lus 105^  S h e l l s o l A (Simpson, 196k) 
f o r comparison. . These measurements g ive a measure o f the at tenua-
t i o n l e n g t h o f s c i n t i l l a t i o n l i g h t i n the phosphor. 
A2 L i g h t c o l l e c t i o n i n the counter 
Consider a r ec t angu la r s lab o f t ransparen t m a t e r i a l , r e f r a c t i v e 
index n , mounted i n a i r , and w i t h i n which there i s an i s o t r o p i c p o i n t 
source o f l i g h t . L i g h t leaves the slab i n s i x escape cones each o f 
h a l f - a n g l e 6^, ^ e r e i s the c r i t i c a l angle . The remaining l i g h t 
i s t rapped i n s i d e the s l ab , and undergoes repeated r e f l e c t i o n s u n t i l 
i t i s absorbed. Thus the f r a c t i o n of l i g h t l e a v i n g the slab i s 
2 -
3 [ l - ( n - l ) ^ / n ] . For organic l i q u i d s and perspex n i s 1.485, so t h a t 
each escape cone contains 13^ of the produced l i g h t , and 22^ i s 
t r apped i n the phosphor. Hence, i n the counter descr ibed, only the 
s c i n t i l l a t i o n l i g h t e m i t t e d i n the two escape cones d i r e c t e d towards 
the p h o t o n u l t i p l i e r s (265^) i s a v a i l a b l e f o r c o l l e c t i o n . To c a l c u l a t e 
the f r a c t i o n o f t h i s l i g h t t h a t i s c o l l e c t e d by the photcmult i p l i e r s 
i t i s necessary t o know the a t t e n u a t i o n l e n g t h o f s c i n t i l l a t i o n 
l i g h t i n the phosphor. H i i s can be determined f r c m the r e s u l t s i n 
f i g u r e A2. 
l l i ^ 
Consider a p o i n t P on the centre l i n e o f the phosphor a t a 
d i s tance x + s f r c m p h o t c m u l t i p l i e r FM^. Due t o r e f r a c t i o n a t the 
phosphor boundaiy the image o f the p o i n t Q a t the centre o f the 
photocathode o f PM^ appears t o be a t Q ' . By summing the s o l i d angles 
subtended a t P by a l l such r e f l e c t e d images, the f r a c t i o n of produced 
l i g h t t h a t i s c o l l e c t e d by e i t h e r p h o t a a u l t i p l i e r can be determined 
and i s given b y : 
- „ A cos e ^ „ / j ' / - V A 
1 L ^ f f exp (d / A ) 
1 
where A i s the area o f the photocathode, d^ i s the pa th l eng th i n the 
phosphor o f a l i g h t r a y corresponding t o the i t h image o f the photo-
• m - u l t i p l i e r a t a d is tance d^, 6 i s the angle t h a t the ray makes w i t h 
the normal t o the photocathode, and A i s the a t t e n m t i o n l eng th o f 
s c i n t i l l a t i o n l i g h t i n the phosphor, f ^ i s a c o r r e c t i o n f a c t o r i n t r o -
duced t o account f o r the r e d u c t i o n i n s o l i d angle due t o r e f r a c t i o n 
a t t he phosphor boundary, and = -vdiere r i s the r e f l e c t i o n 
c o e f f i c i e n t o f t h e l i g h t guide m i r r o r s and n i s the number o f m i r r o r 
r e f l e c t i o n s , r = O.9 -when averaged over the POPOP emission spectrum. 
I n t h e p a r t i c u l a r case i l l u s t r a t e d i n f i g u r e A l , d^ = (x sec( r )+s ' 
s e c ( i ) ) , d^ '= X s e c ( r ) . 
For a given va lue of A the expected response of p h o t c m u l t i p l i e r 
PM^ was' c a l c u l a t e d f o r d i f f e r e n t p o s i t i o n s a long the centre l i n e o f 
the counter , and A was then r e l axed u n t i l the best f i t w i t h the 
exper imenta l data was obta ined. The r e s u l t s are shown i n f i g u r e A 2 , 
and are A = ( 2 . 0 ± 0 . 2 ) m f o r the p a r a f f i n phosphor and A = ( 0 . 9 + 0 . l ) m 
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when 10^ S h e l l s o l A i s added. 
I n normal use the gains o f bo th p h o t a n u l t i p l i e r s are ad jus t ed 
t o be equa l , and the pulses f r c m each are added l i n e a r l y . Under 
these cond i t ions the u n i f o i m i t y o f response (percentage d i f f e r e n c e 
between the response a t a g iven p o i n t t o the response averaged over 
the -vdiole area f o r p a r t i c l e s t r a v e r s i n g the counter a t normal 
inc idence ) has been i n v e s t i g a t e d . Bie worst p o s i t i o n i s found to 
be d i r e c t l y opposi te the p h o t c m u l t i p l i e r , a t a p o i n t on the counter 
a x i s , the n o n - u n i f o n n i t y be ing a maximum there w i t h a value of l 8 ^ . 
A3 The absolute s c i n t i l l a t i o n e f f i c i e n c y of the phosphor 
The absolu te s c i n t i l l a t i o n e f f i c i e n c y n o f a phosphor i s d e f i n e d 
as the amount of energy a r e l a t i v i s t i c p a r t i c l e must lose i n the 
phosphor t o produce one s c i n t i l l a t i o n photon. I f E i s the energy 
l o s t by a r e l a t i v i s t i c p a r t i c l e t r a v e r s i n g the counter through i t s 
cent re p o i n t and normal t o i t s l a r g e s t area, then 
n= E / n 
•where Q!^  i s the f r a c t i o n o f produced l i ^ t c o l l e c t e d by both photo-
m - u l t i p l i e r s , Oi^ i s the quantum e f f i c i e n c y of t h e i r photocathodes 
and n i s the number o f photoe lec t rons produced by the two photo-
m u l t i p l i e r s . The l i g h t c o l l e c t i o n c a l c u l a t i o n s give Ct^ ^ = O.OI7 
f o r a value o f A = 2.0m, and = 0 . 1 2 accord ing t o the data 
p r o v i d e d by the p h o t c m u l t i p l i e r manufacturers . The value o f n f o r 
the p a r a f f i n phosphor has been measured by three independent methods 
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as discussed by Morton ( l949)» 
( a ) The most probable pulse he igh t ( v ) o f the d i s t r i b u t i o n 
produced by the passage o f s i ng l e muons through the centre o f the 
counter was measured. The p a r t i c l e s were se lec ted by a smal l 
te lescope. The number of photoe lec t rons (w) a t the photocathode 
corresponding t o t h i s pulse he igh t i s r e l a t e d t o v by the 
equa t ion : 
Ge 
•vdaere G i s the absolute ga in of the p h o t a n u l t i p l i e r , C^ i s the 
capacitance across which the pulse i s formed, and e i s the 
e l e c t r o n i c charge. 
The absolute ga in o f each p h o t c m u l t i p l i e r was measured us ing 
a method suggested by Morton (iSkS), F i r s t l y one p h o t o m u l t i p l i e r 
was operated a t a low v o l t a g e , so t h a t the ga in was correspondingly 
low (~ 1 0 ^ ) , and the inpu t and output cur ren ts produced by a dim 
l i g h t d i r e c t e d a t the photocathode were measured d i r e c t l y w i t h a 
scalamp galvanometer, f rom which the ga in was evaluated. Next the 
i n t e n s i t y o f the l i g h t was reduced. The anode cur ren t was again 
measured us ing the galvanometer, and the i npu t cvirrent c a l cu l a t ed 
knowing the va lue o f the g a i n . F i n a l l y the E.H.T. was increased 
t o the ope ra t ing v a l u e , and the anode cu r ren t remeasured, keeping 
the i n t e n s i t y o f the b u l b , and hence the i n p u t cu r r en t , the same. 
Hhe absolute g a i n was then determined as t t e r a t i o of the anode and 
the i npu t c u r r e n t s . ^ 
The capac i ty was e x t r a p o l a t e d f rom obsei^rations on the 
v a r i a t i o n o f pulse he igh t w i t h capaci ty as d i f f e r e n t capac i t i es 
•were connected i n p a r a l l e l w i t h C^. 
Fran these measurements the number o f photoelec t rons correspond-
i n g t o the passage of a s i n g l e muon through the centre o f the counter 
was found t o be n = 2 9 . 
(b ) Hie bas ic source o f noise i n a p h o t o m u l t i p l i e r i s due t o 
the rmion ic emission f r c m the photocathode. I n p r i n c i p l e the mean 
pu l se he igh t (vo) of the d i s t r i b u t i o n (s tandard d e v i a t i o n ao) 
produced by the rma l e lec t rons corresponds t o the emission of a 
s i n g l e e l e c t r o n f r o n the photocathode. The t o t a l dark cur rent and 
t h e i n t e g r a l d i s t r i b u t i o n of pulse he igh t s produced by the ima l 
e l ec t rons have been measured f o r each p h o t c m u l t i p l i e r , f rom vhich 
the mean pulse he igh t produced by a s i n g l e pho toe lec t ron was 
deduced. The r a t i o v / v o g ives a value o f n = k j , 
( c ) Hie measured f u l l wid th a t h a l f he igh t o f the d i s t r i b u t i o n 
of pulse ampli tudes due t o the passage of muons through the centre 
o f the coimter i s 80^ and t h i s g ives a value o f n = l6, a l l o w i n g 
f o r i o n i z a t i o n los s f l uc t -ua t i ons (Landau d i s t r i b u t i o n ) of 15^ 
and f l u c t u a t i o n s i n the p h o t c m u l t i p l i e r process. ' The c o n t r i b u t i o n 
t o the f r a c t i o n a l fvHl w i d t h a t h a l f h e i g h t due t o f l u c t u a t i o n s i n 
the number n o f photoe lec t rons produced i s and t h a t due 
t o f l u c t u a t i o n s i n the m u l t i p l i c a t i o n process i n the p h o t o m u l t i p l i e r 
i s 2.56 ao/(-vo/n). The measured va lue o f ao/vo = 0 . 9 I ; and t a b l e 
I l 8 
A l shows the numer ica l c o n t r i b u t i o n s of the d i f f e r e n t f l u c t i i a t i o n 
processes t o the f u l l w i d t h a t h a l f h e i ^ t o f the s c i n t i l l a . t i o n 
d i s t r i b u t i o n . 
TABLE A l . 
CONTRIBUTION TO FULL 
FLUCTUATION PROCESS WIDIH AT HALF H E E H T 
(9^) 
LANDAU 15 
PHOTOELECTRON PRODUCTION 58 
PHOTCMUCiTIPLIER CASGAIE 53 
The th ree methods produce wide ly d i f f e r i n g r e s u l t s , i n d i c a t i n g 
the d i f f i c u l t i e s i n v o l v e d i n making an e v a l u a t i o n of n . Taking the 
average va lue as n = 3 1 ± 9 pho toe lec t rons , and a value o f E = 28.5 
MeV (Ashton e t a l (1965)), the absolute s c i n t i l l a t i o n e f f i c i e n c y 
IS 
TJ = ( l . 8 2 ± 0 . 5 3 ) kev/photon. 
Ak Conclusions 
F igure A2 shows t h a t the response o f the p a r a f f i n phosphor can 
be improved by the a d d i t i o n o f 10^ S h e l l s o l A . However, the 
u n i f o r m i t y i s cor respondingly worsened, due t o the shor te r a t tenua-
t i o n l e n g t h of photons i n the phosphor. Both the experiments 
descr ibed i n t h i s t h e s i s r equ i r e as t m i f o m a response as poss ib le 
over the area o f the counter . Hence the p a r a f f i n phosphor has been 
p r e f e r r e d . The p a r t i c u l a r counters employed are u n i f o i m t o l 8 ^ 
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over 99.5^ o f t h e i r areas. 
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APPENDIX B 
SPURIOUS FLA.SHIHG I N MiON FIASH TUBES 
Experiments designed t o measure low dens i ty events and comprising 
l a r g e ar rays of neon f l a s h tubes may be handicapped by the spurious 
f l a s h i n g of the tubes. The manufacture o f a l a rge number o f tubes 
cons i s t s of making a number of smal l batches , and these are 
necessa r i ly made a t d i f f e r e n t t imes . Al though every e f f o r t i s made 
t o ensure t h a t the same cond i t ions e x i s t du r ing each separate batch 
f i l l i n g , the composi t ion and p u r i t y o f f i l l i n g s may vary f r cm batch 
t o ba t ch . I n an a t tempt t o deteimine the e f f e c t o f v a r i a t i o n s i n 
the p u r i t y o f the f i l l i n g o f a p a r t i c u l a r tube on i t s spurious 
f l a s h i n g r a t e , two sets o f tubes were se lec ted . Batch A cons is ted 
o f s tandard f l a s h tubes , i n t e r n a l diameter 1.55 cms and e x t e r n a l 
diameter 1.8 cms, f i l l e d w i t h ccmmercial neon (98^ We. 2^ He) t o 
a pressure o f 60 cm Hg. S i m i l a r tubes w i t h the same f i l l i n g , but 
t o each o f which was added a q u a n t i t y o f i r o n f i l i n g s , comprised 
ba t ch B. 
A h i g h vo l t age pulse ( r i s e t ime l+is and d u r a t i o n Vs) was a p p l i e d 
t o two e l ec t rodes , between which were s i t u a t e d the two batches o f 
tubes . A h i g h vo l t age probe ( T e k t r o n i x P6015) was employed t o 
d i s p l a y the a p p l i e d pulse on an osc i l loscope (Tek t ron ix 5^5A), by 
which means the pulse he igh t was determined. The s tack was randanly 
t r i g g e r e d w i t h a pulse generator a t a frequency of 1 per 7 seconds, 
and the number o f f l a s h e s per t r i g g e r i n each batch was recorded 
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f o r va r ious a p p l i e d pulse h e i g h t s . The p r o b a b i l i t y / t u b e / t r i g g e r 
as a f u n c t i o n of the e l e c t r i c f i e l d i s shown I n f i g u r e ^ f o r bo th 
batches. Each batch camnences'to f l a s h spur ious ly a t a f i e l d of 
~5 k v . / c m . , bu t the r a t e o f f l a s h i n g i n the contaminated batch 
increases more q u i c k l y than the pure ba t ch , so t h a t a t a f i e l d o f 
6 kv/cm the p r o b a b i l i t y o f a spurious f l a s h i n the contaminated 
ba tch i s 505^ ,as ccmpared w i t h 1.2^  i n the pure ba tch . 
The r e s u l t s show t h a t the tubes con ta in ing a smal l quan t i t y 
o f i r o n f i l i n g s are more prone t o spurious f l a s h i n g than the 
s tandard tubes. L o c a l d i s t o r t i o n s i n the f i e l d due t o sharp edges 
i n the f i l i n g s l e a d t o breakdown, and other mat ter i n the tube , 
such as dus t , would produce the same e f f e c t . Wo at tempt has been 
made t o e s t a b l i s h any q u a n t i t a t i v e r e l a t i o n s h i p between the i m p u r i t y 
content and the p r o b a b i l i t y o f spurious breakdown r a t e , but t h i s 
study emphasises the importance of o b t a i n i n g f i l l i n g cond i t ions 
•v^ich are as clean as p o s s i b l e . 
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